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Summary
Modern solid state research is focused, to a considerable extent, on physics of strongly correlated
electron systems. Transition metal oxides are part of these systems and represent often model cases
for a development of theoretical models. At the same time, the physical properties found in these
materials are invaluable for technological applications. In the last period, the class of cobalt oxides
based materials providing interesting properties similar to those found in cuprates and manganates
has attracted considerable attention. In this respect, a study on the perovskite La1−xSrxCoO3 by Wu
and Leighton [1] is of great interest since it shows for the first time an existence of magnetic phase
separation in a cobaltite. Superconductivity has been found in the NaxCoO2·yH2O material. Also, a
GMR effect has been observed in La1−xAxCoO3 (A=Ca, Sr, Ba). The large diversity of the properties
is closely related to many possibilities in which the cobalt ions can be stabilized. The present thesis
deals with the investigation of layered cobaltites of type RBaCo2O5+δ (R= rare earth cation). There
are several reasons which make this family of compounds interesting for detailed studies. A GMR
effect discovered on RBaCo2O5+δ (R= Eu, Gd) [2] makes the materials interesting from the magnetic
data storage point of view. Also, a metal-insulator transition was found at temperatures above room
temperature in the paramagnetic phase. When the temperature is decreased, different magnetic phase
transitions occur. The strong interplay between magnetic and electronic properties leads to a very rich
phase diagrams. Being a strongly correlated electron system the layered cobaltites are very sensitive
to different extrinsic (temperature, magnetic field, pressure) or intrinsic (oxygen content, kind of rare
earth element) parameters. Therefore, it should not be surprising that a large variety of structural and
magnetic models were proposed. In spite of the different studies made by different research groups,
the magnetic structures and the electronic states are still under debate and no clear picture of the
driving mechanisms for e.g. metal-insulator transition, GMR, magnetic phase transitions, was found.
This thesis is concerned with synthesis, crystal growth and investigation of layered cobaltites com-
pounds RBaCo2O5+δ. The properties investigated in this work are related to the macroscopic ones
as well as quantities determined using local probes. The main techniques used are: travelling float-
ing zone for the crystal growth, muon spin rotation, neutron and synchrotron radiation diffraction
measurements as well as complementary techniques like: X-ray diffraction, bulk magnetization and
transport measurements. Based on the obtained experimental data, a magnetic model is proposed
below the paramagnetic phase as well as the driving force for the apparition of metal-insulator tran-
sition in the paramagnetic phase. The results presented in this thesis hopefully add to the rapidly
growing understanding of this family of compounds. The results are certainly not directly applicable
v
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to the industry today, but they give a new interpretation of some of the new exciting phenomena and
properties which characterize these systems.
Overview of the work
The present thesis can be broadly divided into three parts. In the first part basic concepts with
emphasis on the properties of layered cobaltites are presented. Chapter 1 includes the crystal field
theory, spin states of cobalt in different valence states and possible magnetic interactions like: double-
exchange and superexchange interactions. In Chapter 2 the structure of layered cobaltites is presented
for different coordinations and valence states of cobalt cations. This chapter contains also a short lit-
erature review introducing the main problems and controversial points like: metal-insulator transition,
giant magnetoresistance effect and different proposed magnetic structures.
For the second part the focus changes to the experimental part. Chapter 3 describes the methods
used for sample preparation, oxygen control and oxygen content determination as well as methods used
for determination of thermal and electromagnetic properties. The experimental methods used includes:
travelling floating zone method of crystal growth, X-ray diffraction, thermogravimetry, differential
scanning calorimetry, differential thermal analysis and electromagnetic characterization technique de-
scribed at the end of Chapter 3. In Chapter 4 a systematic study on the structural and magnetic
properties of GdBaCo2O5+δ as a function of δ is made. The chapter includes also a defect chemistry
model which gives a measure of cobalt concentration for different δ and different temperatures. Details
about the crystal growth of Tb0.9Dy0.1BaCo2O5+δ can be found at the end of Chapter 4. In Chapter
5 the transport, thermoelectric and magnetic properties determined based on macroscopic techniques
are shown.
In the third part of the work, Chapter 6, physical properties of layered cobaltites studied using
microscopic techniques are presented. Due to their high sensitivity: muon spin rotation, neutron
diffraction and synchrotron radiation studies provides new and unique insight into physical properties
of layered cobaltites. At the end, in Chapter 7 a summary of the obtained results is presented.
vi
Zusammenfassung
Die moderne Festko¨rperforschung konzentriert sich in beachtlichem Maße auf die Physik stark ko-
rrelierter Elektronensysteme. U¨bergangsmetalloxide geho¨ren zu diesen Systemen und stellen ha¨ufig
Modellsysteme zur Entwicklung theoretischer Modelle dar. Gleichzeitig sind die physikalischen Eigen-
schaften, die in diesen Materialien gefunden werden, von unscha¨tzbarem Wert fu¨r technologische An-
wendungen. In letzter Zeit hat die Klasse der Kobaltoxide besondere Beachtung erfahren, da sie a¨hnlich
interessante Eigenschaften aufweist, wie sie in Kupraten und Manganaten gefunden worden sind. Dies-
bezu¨glich ist eine Arbeit von Wu und Leighton [1] u¨ber den Perowskit La1−xSrxCoO3 von besonderem
Interesse, da in ihr erstmals eine magnetische Phasenseparation in einem Kobaltat nachgewiesen wird.
Supraleitung wurde in NaxCoO2·yH2O gefunden. Auch ein sog. Riesenmagnetwiderstand (GMR)
wurde in La1−xAxCoO3 (A=Ca, Sr, Ba) beobachtet. Die große Vielfalt der Eigenschaften ist eng mit
den vielen Mo¨glichkeiten, in denen sich Kobaltionen stabilisieren ko¨nnen, verbunden. Diese Disser-
tation befasst sich mit der Untersuchung von Schichtkobaltaten des Typs RBaCo2O5+δ (R steht fu¨r
ein Seltenes Erd Kation). Es gibt mehrere Gru¨nde, die diese Verbindungsfamilie fu¨r ein genaueres
Studium interessant machen. Der an RBaCo2O5+δ (R=Eu, Gd) gefundenen GMR Effekt macht diese
Materialien fu¨r magnetische Datenspeicherung interessant. Ferner wurde in der paramagnetischen
Phase oberhalb Raumtemperatur ein Metall-Isolator U¨bergang entdeckt. Bei niedrigen Temperaturen
treten verschiedene magnetische Phasen auf. Das starke Wechselspiel zwischen magnetischen und elek-
trischen Eigenschaften fu¨hrt zu einem sehr reichen Phasendiagramm. Da diese Schichtkobaltate stark
korrelierte Elektronensysteme sind, sind sie sehr empfindlich auf verschiedene a¨ußere (Temperatur,
Magnetfeld, Druck) und innere (Sauerstoffgehalt, Art des Seltenen Erd Ions) Parameter. Es ist daher
nicht verwunderlich, dass eine Vielzahl struktureller und magnetischer Modelle vorgeschlagen wurde.
Trotz verschiedener Studien, die von unterschiedlichen Gruppen durchgefu¨hrt wurden, sind die mag-
netischen Strukturen und die elektronischen zusta¨nde immer noch in Diskussion und es wurde kein
klares Bild der treibenden Mechanismen, z.B. fu¨r den Metall-Isolator U¨bergang, den GMR Effekt und
die magnetischen U¨berga¨nge gefunden.
Diese Doktorarbeit befasst sich mit der Synthese, der Kristallzucht und der Untersuchung der
Schichtkobaltate RBaCo2O5+δ. Die hier untersuchten Eigenschaften sind solche makroskopischer Art
sowie u¨ber lokale Sondenmethoden bestimmte. Die wesentlichen benutzten Techniken sind: Zonen-
schmelzverfahren fu¨r die Kristallzucht, Myonen Spin Rotation, Neutronen und Synchrotronstrahlungs-
streuexperimente sowie dazu komplementa¨re Techniken wie Ro¨ntgenbeugung, Magnetisierungs und
Transportmessungen. Auf der Grundlage dieser experimentellen Daten wird ein magnetisches Mod-
vii
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ell fu¨r den Temperaturbereich unterhalb der paramagnetischen Phase vorgeschlagen sowie fu¨r die
treibende Kraft fu¨r den Metall-Isolator U¨bergang in der paramagnetischen Phase. Es wird erhofft, dass
die in dieser Arbeit dargelegten Ergebnisse zu dem rasch wachsenden Versta¨ndnis dieser Verbindungs-
familie beitragen. Die Ergebnisse sind zwar sicher nicht direkt fu¨r industrielle Anwendung geeignet,
doch erlauben sie eine neue Interpretation einiger neuer aufregender Pha¨nomene und Eigenschaften,
die diese Systeme charakterisieren.
U¨berblick zur Arbeit
Diese Doktorarbeit gliedert sich grob in drei Teile. Im ersten Teil werden die grundlegenden
Konzepte mit Betonung auf die Eigenschaften der Schichtkobaltate dargelegt. Kapitel 1 umfasst die
Kristallfeldtheorie, die Spinzusta¨nde von Kobalt in verschiedenen Valenzzusta¨nden und mo¨gliche mag-
netische Wechselwirkungen, wie: Doppelaustausch- und Superaustauschwechselwirkungen. In Kapitel
2 werden die Strukturen der Schichtkobaltate fu¨r verschiedene Koordinationen und Valenzzusta¨nde
der Kobaltionen vorgestellt. Diese Kapitel gibt auch eine kurze Literaturu¨bersicht zu den Haupt-
problemen und den kontrovers diskutierten Punkten, wie: Metall-Isolator U¨bergang, GMR Effekt
und verschiedene vorgeschlagene magnetische Strukturen. Im zweiten Teil liegt der Fokus auf der
experimentellen Arbeit. Kapitel 3 beschreibt die zur Probenpra¨paration verwendeten Methoden, die
Kontrolle des Sauerstoffgehalts und dessen Bestimmung sowie die zur Bestimmung der thermischen
und elektromagnetischen Eigenschaften angewandten Methoden. Die verwendeten experimentellen
Methoden umfassen: Zonenschmelze zur Kristallzucht, Ro¨ntgenbeugung, Thermogravimetrie, DSC,
DTA und die elektromagnetische Charakterisierung, wie sie am Ende von Kapitel 3 beschrieben wird.
Kapitel 4 befasst sich mit der systematischen Untersuchung der strukturellen und magnetischen Eigen-
schaften von GdBaCo2O5+δ als Funktion von δ. In diesem Kapitel wird auch ein Defektchemiemodell
beschrieben, das ein Maß fu¨r die Kobaltkonzentration bei verschiedenem d und verschiedenen Tem-
peraturen ermo¨glicht. Details zur Kristallzucht von Tb0.9Dy0.1BaCo2O5+δ finden sich am Ende von
Kapitel 4. In Kapitel 5 werden die aus makroskopischen Methoden gewonnenen Transporteigenschaften
und die thermoelektrischen und magnetischen Eigenschaften vorgestellt. Im dritten Teil der Arbeit, in
Kapitel 6, werden die physikalischen Eigenschaften der Schichtkobaltate, wie sie aus mikroskopischen
Techniken gewonnen wurden, dargelegt. Auf Grund ihrer hohen Empfindlichkeit erlauben Myonen
Spin Rotation, Neutronenstreuung und Synchrotronstrahlungsexperimente neue und einzigartige Ein-
blicke in die physikalischen Eigenschaften der Schichtkobaltate. Abschließend werden in Kapitel 7 die
Ergebnisse zusammengefasst gegeben.
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Chapter 1
Introduction
Transition-metal oxides had become of large interest for extended studies during the last years due to
their interesting electronic and magnetic properties. After the discovery of high temperature cuprate
superconductors and colossal magnetoresistance effect in manganites, the perovskite-type materials
have attracted considerable attention since they represent an alternative to the materials used nowa-
days. A good example is also the recently synthesized class of compounds: the layered cobaltites type
RBaCo2O5+δ for which a metal-insulator transition, and giant magnetoresistance effects have been
observed [2, 3]. In the following subsection combining interactions of crystal lattice and electronic
properties will be introduced.
Figure 1.1: The ABO3 perovskite structure, where e.g. A=Ba and B=Zr. The oxygen atoms are
situated at the corner of each octahedra while the other colored balls are the two metal types.
1
1.1 Crystal field theory Introduction
1.1 Crystal field theory
Transition metal (TM) oxides exhibit fascinating physical properties which are strongly dependent on
whether the d-electrons are localized on individual transition metal sites or are delocalized throughout
the solid.
In the d-electron systems the orbital degeneracy plays an important role in the complexity of the
systems. For an isolated transition metal ion the d-levels are fivefold degenerated (2l+1, where l= 2).
They are said to be degenerate meaning each orbital has the same energy. If an outside force is brought
near to the atom, the different orientations of the specific d -orbitals cause them to interact differently
with this force. Many d-electron metal oxides have a perovskite-like structure where a transition metal
ion is situated at the center of an octahedron surrounded by six oxygen ions at each corner. Further,
the octahedra are building a lattice as shown in Fig.1.1. The TM ion is positively charged, so the
oxygen negative charges (oxygen ligands) are attracted to it. Here, the oxygen atoms have a complete
filled 2p-shell whereas for the transition metal a partially filled d-shell may occur.
Figure 1.2: Splitting of the d-orbitals in the presence of cubic environment. Additional elongation of
the octahedra along z-direction splits t2g energy levels.
Due to the electrostatic repulsion between the electrons in the d-orbital of the transition metal and
those found in the oxygen orbital, a crystal field will arise. This leads in cubic symmetry to a splitting
of the energy levels of d-shells into two multiplets which are often called the t2g (dxy, dxz, dyz) and
eg (dz2 and dx2−y2) orbitals, respectively. A departure from the ideal cubic perovskite (an elongation
or a shrinking of the octahedra along one of the crystallographic direction) will further reduce the
symmetry and further split energy levels as shown in Fig.1.2. The energy difference between the
lowest energy of t2g-orbital and the highest eg energy level is called crystal field splitting, (∆CF ) and
is assumed to have a magnitude of 10Dq. This means a gain in energy of +4Dq for those electrons on
2
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the eg levels and a decrease in energy of -6Dq for electrons found on the t2g levels. The magnitude
of the crystal field splitting is given by the orientation of the d -orbitals with respect to the oxygen
orbitals (p-orbitals). The typical values of the crystal field splitting magnitude are 1-2 eV. In the
perovskite structure the overlap of the p-orbitals with the t2g orbitals is smaller than with the eg
orbitals, causing the t2g orbitals to have lower energy compared with the eg orbitals (see Fig.1.2). The
ligands, depending on the interaction force between them and the central cation, can be considered
as creating week and strong crystal field. Actually, for the strong field ligands ∆CF is larger and the
energy difference between the t2g and eg orbitals is greater. For the weak field ligands the t2g and eg
orbitals are much closer.
In the absence of the ligands, there would be no energy splitting and all five d -orbitals would have
the same energy filled with electrons according to the Hund’s rule. The magnitude of the crystal
field splitting depends also on the transition metal element and it’s charge. In the case of cobalt
3d-transition metal the d-orbitals are not fully occupied. In the case of Co3+ the d-orbital is occupied
with only six electrons instead of the maximum possible 10.
1.2 Spin states
For a transition metal ion the filling scheme of the t2g and eg orbitals depends on a competition between
the crystal field and the Coulomb repulsion between d-electrons. Spin state transitions observed in
transition metal oxides are mainly caused by the competition between the crystal field and intra-atomic
Coulomb repulsion energy, JH . If for instance the ∆CF > JH a low spin state (LS) will be favored
and the electrons will occupy the t2g levels (for octahedral coordination), only. In the opposite case
the high spin state (HS) it will be favored and both t2g and eg levels will be occupied (see Fig.1.3).
Intermediate spin state (IS) is also possible when ∆CF is comparable with JH . Similar to other 3d-
transition metal elements, cobalt can adopt different spin states depending on the oxidation state. The
different possible spin states configurations are shown in Fig.1.3 for Co2+, Co3+ and Co4+.
Another effect that can influence the spin state of a transition metal ion is the Jahn-Teller effect.
The Jahn-Teller theorem states that a system of interacting electrons in a degenerate electronic state
is unstable, because the system can always reduce its energy by distorting the lattice in such a way to
remove the degeneracy [4, 5, 6]. The splitting of the energy levels caused by the Jahn-Teller effect can
be seen similar to the crystal field splitting. For example an elongation of the octahedra along the z
direction leads to a smaller Coulomb repulsion between the ligands and the electron in the dz2 orbital
which leads to a energy decrease of this orbital. In contrast, a compression in the xy plane results
in a stronger Coulomb repulsion for an electron in the dx2−y2 and an increase of its energy. These
deformations can lead to a reduction of the crystal symmetry, i.e. a structural phase transition. This
effect can produce an orbital ordering which is called cooperative Jahn-Teller effect. Additional effects
like charge and spin order can accompany the Jahn Teller deformation.
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Figure 1.3: Schematic representation of the electronic states of Co2+, Co3+ and Co4+ for the different
spin states (LS, IS and HS state). The total spin S value is given. Should be noted that for Co2+ the
IS is identical with LS state.
1.3 Magnetic interactions
Magnetic interactions between transition metal ions are of the special interest since they can cause
long range magnetic order in oxides. To achieve a long range magnetic ordering the magnetic moments
need to be able to ”communicate” each other. Usually, in the transition metal oxides the magnetic
moments interact each other via a non-magnetic oxygen ions which are placed in the structure between
the magnetic cations. This type of indirect exchange interaction is called super-exchange interaction
and leads to antiferromagnetic order as a virtual hopping of electrons with antiparallel spins is allowed.
Another type of exchange interaction commonly found in the transition metal oxides is called double
exchange interaction. This type of interaction favors a ferromagnetic order of the neighboring transition
metal ions since for an eg electron is energetically favorable to hop to a neighboring ion in which the
spin of the t2g-electron is parallel with the hopping electron. In 1951 Zener found that ferromagnetic
interactions are favored when the magnetic atoms are well separated and conduction electrons are
present [7]. He introduced the concept of simultaneous transfer of electron from the transition metal to
the oxygen and from the oxygen to the neighboring transition metal. The double-exchange mechanism
is always ferromagnetic, unlike super-exchange mechanism which favors the antiferromagnetic ordering.
4
Chapter 2
Layered cobaltites
2.1 Composition and structure
The crystal structure of RBaCo2O5+δ consists of a sequence of [CoO2]-[BaO]-[CoO2]-[ROδ] layers in
the c-direction which involves a doubling of the unit cell in this direction [8]. In these compounds there
is a strong interplay between the oxygen content, rare-earth ionic radius and valence state of cobalt.
Depending on the δ value the valence state of cobalt can be 2+, 3+ or 4+. The Co-ion coordination
changes from purely CoO5-pyramidal (when δ = 0) to a CoO6-octahedra (when δ = 1) or a mixture
of both when δ takes a intermediate value (see Fig.2.1).
Figure 2.1: Crystallographic structures of RBaCo2O5+δ for three cases, when the average valence state
of cobalt is Co2.5+, Co3+ and Co3.5+.
The crystallographic structure of the stoichiometric compound RBaCo2O5 was found to be tetrago-
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nal with P4/mmm symmetry and unit cell ap x ap x 2ap, where ap refers to the cubic perovskite lattice
parameter [9, 10, 11]. In this structure all the cobalt cations (mixture of Co2+ and Co3+ in 1:1 ratio)
are enclosed within square base pyramids formed by five oxygen ligands. The same P4/mmm symme-
try with a doubling along c-direction was found for the case when the RBaCo2O6 is formed. Here the
Co3+ and Co4+ in ratio 1:1 should be present. The compounds with the highest oxygen content are,
however, difficult or even not at all possible to synthesize. For the only known case of LaBaCo2O6 neu-
tron measurements revealed a cubic structure where the La and Ba cations are randomly distributed
on the same site [12]. Particularly interesting are the compounds with δ = 0.5 where the Co ions
nominally possess a charge of 3+. For this composition the Co3+ ions exist in the structure in two
different environments, namely CoO5 square pyramids and CoO6 octahedra which create alternating
chains. For intermediate oxygen compositions possible ordering of the oxygen vacancies can introduce
crystallographic superstructures. As a rule, higher oxygen contents were obtained for the compounds
with higher ionic radius of the rare earth cation R when prepared at the same conditions [13, 14]. It
was shown by Maignan et. al [13] that synthesis in air of RBaCo2O5+δ gives different oxygen contents
for different R= Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Ho. He showed that as the size of the lanthanide
decreases, the oxygen content decreases from δ= 0.7 for R= Pr and Nd to δ= 0.4 for R= Sm, Eu, Gd,
and Tb to δ= 0.3 for R= Dy and Ho.
Figure 2.2: Temperature dependence of lattice constants of TbBaCo2O5.5 at metal-insulator transition
[15].
Maignan et. al [13] showed, based on electron diffraction measurements, a doubling along b direction
in the case of large ionic radius elements, R= Pr, Nd, Sm, Eu, Gd and Tb. The doubling along b
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direction corresponds to a orthorhombic Pmmm symmetry and unit cell ap x 2ap x 2ap whereas for the
smaller ionic radius elements R= Ho and Dy, a tripling along a and b direction was observed (3ap x 3ap
x 2ap supercell). The apparition of the superstructures have been attributed to the oxygen vacancies
ordering. The oxygen ordering and the oxygen content (i.e. cobalt oxidation state) have been proven
to play a key role on properties of layered coblatites.
In the two mostly studied classes of cobaltites (RB)CoO3−δ and RBCo2O5+δ (where R= different
rare earth cations and B= Ca, Sr, Ba), structure, electrical and magnetic properties strongly depend
on composition (R and B cations) but also on the oxygen content. Oxygen stoichiometry strongly
affects the crystal structure and the magnetic properties and a controlled processing is needed if
reproducible results have to be obtained. Structural and sometimes electronic transitions are reflected
in an alteration of the lattice parameters.
Temperature dependence studies of the lattice parameters are available only for a few compounds
from the RBaCo2O5+δ family. For example, in the case of the orthorhombic TbBaCo2O5.5 lattice
constants a and c lengthens by 0.5% and respectively 0.2% while b shrink by 0.7% in the temperature
range 50K ≤ T ≤ 473K (see Fig.2.2). There is an abrupt change of the lattice parameters observed at
metal-insulator transition at about 330K. Such a structural change should affect the orbital state of
the Co ions [15]. Similar results have been obtained for GdBaCo2O5.5. On cooling through the metal-
insulator (MI) transition, b and c lattice parameters exhibit a sudden shrink ( 0.28% and 0.27%)
while a lengths with about 0.35% [16].
Figure 2.3: The resistivity measurements for different RBaCo2O5+δ annealed in air. The inset of the
graph shows the hysteresis during cooling/heating [13].
In the early studies it was observed that a metal-insulator transition (TMI), appears for the in-
termediate lanthanides, i.e. R= Sm to Dy. For lanthanides with larger ionic radius (R= Pr, Nd),
a semimetallic behavior was observed at 100÷400K whereas for the lanthanides with smaller radius
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(e.g. R= Ho) a semiconducting-like behavior was observed. Moreover, it was found out that the TMI
transition temperature decreases smoothly with the size of the lanthanide from 350÷360K for R= Gd
and Eu to 330K for R= Tb to 310K for R= Dy as illustrated in Fig.2.3. The results of Fig.2.3 could be
understood as it was found that the size of the R leads to different oxygen content values for samples
treated at the same conditions. Properties of the layered cobaltites can be tuned by controlling the
oxygen content. The equilibrium value of δ depends on temperature, oxygen partial pressure over
solid and a kind of rare earth element. Taskin et al. [17] investigated the temperature and the oxygen
partial pressure influence on oxygen stoichiometry in GdBaCo2O5+δ using thermogravimetry. It was
stated that the equilibrium δ value at constant temperature is roughly proportional to the logarithm
of the oxygen partial pressure, as long as δ is not close to zero. A material with δ= 0 could be obtained
at temperatures above 700 oC and oxygen partial pressures lower than 10−4 bar. Leonidov et al. [18]
investigated oxygen thermodynamics in PrBaCo2O5+δ using coulometric titration in solid electrochem-
ical cell at temperatures 650÷950oC and partial pressures 3 ·10−5÷1 atm. Thermodynamic functions
(entropy and enthalpy) of oxygen have been found for different δ-values. It was also found that above
750 oC and 5 + δ < 5.3, a high temperature orthorhombic modification of the structure exists. On
the base of thermodynamic and transport measurements it was stated that a part of Co3+ cations can
disproportionate into Co4+ and Co2+.
2.2 Physical properties. Controversial points
2.2.1 Cobalt spin states
A presence of different spin states of Co3+
changes with temperature or pressure. It was noticed that different spin states corresponds to different
ionic radius of cobalt cations or to different bond lengths Co-O [19]. The fact that the Co ion can be
stabilized in several different electronic configurations, plays a crucial role in magnetic and transport
properties of layered perovskites. Therefore, questions concerning stability of different cobalt spin
states and their influence on bulk physical properties are extremely imported and still can not be fully
answered.
2.2.2 Origin of the metal-insulator transition
An important question concerning properties of layered cobaltites is a possible dependence of the
metal-insulator transition on the magnetic properties. In the early studies of Martin et al.[2] it was
observed that a sudden change of the inverse of the magnetic susceptibility takes place exactly at
metal-insulator transition temperature. At a first sight a change of the spin states would favor the
metal-insulator transition. Anyhow, this is not as simple since as it was found that YBaCo2O5.5
is the only compound for which the metal-insulator transition coincides exactly with the onset of
paramagnetic-ferromagnetic (TPM−FM) transition. For other rare-earth based compounds the metal
insulator transition takes place at higher temperatures in the paramagnetic phase. On the other hand,
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an application of an external magnetic field shifts TPM−FM to higher temperatures without affecting
an TMI [10].
Thus, different scenarios for the metal-insulator transition were proposed involving a spin state
ordering or a spin state transition [2, 15]. In fact, all possible spin states have been claimed based
on neutron diffraction [15, 20, 21], synchrotron X-ray [22], spectroscopic [23, 24] and thermodynamic
[15, 25, 26, 27] measurements as well as band structure calculations [28, 29, 30].
Shortly, few of the spin state transition models proposed in the literature are given:
• Martin et al.[2] proposed that the insulating state below TMI is promoted by ordering of cobalt
spin states with LS and IS state in octahedrally and pyramidally coordinated sites, respectively.
• Moritomo et al.[15] proposed a spin state transition from HS state to an IS state in the insulating
phase for all the cobalt cations in the octahedral coordination while all cobalt cations in the
pyramidal coordinates remains in IS state.
• A similar model like Moritomo’s model was proposed by Frontera et.al [22, 31] with the only
difference that a HS → LS state transition takes place for the cobalt in octahedral sites.
Additionally, the MI-transition is presumably driven by a spin-state/orbital ordering of the Co3+ ions
[67].
Based on our µSR and synchrotron measurements performed on single crystal of TbBaCo2O5.5 a
spin state ordering and a possible orbital ordering is proposed at the TMI (see sections 6.4 and 6.7.2).
2.2.3 Giant magnetoresistance effect
The ”giant magnetoresistance” (GMR) effect is characterized by a change of resistivity in the
presence of magnetic field. Magnetoresistance ratio is defined like:
4R
R
=
RH −R0
RH
× 100% (2.1)
where R0 represents the resistance in the absence of external magnetic field and RH is the resistance
in magnetic field.
Layered cobaltites have attracted a special interest due to their unusual behavior upon the appli-
cation of external magnetic fields. For RBaCo2O5.4 (where R= Gd, Eu) the effect was observed for
the first time in 1997 by Martin et al. [2] who reported a giant negative magnetoresistance of about
10% in the presence of 7T external magnetic field at TN1= 240K. The temperature at which the GMR
was observed coincides with a transition to antiferromagnetic ordering of the cobalt moments. An
explanation of the GMR was given by Taskin et al. [25] who observed that in presence of external
magnetic field the antiferromagnetic ordering enhances the resistivity, while the applied external mag-
netic field prevents establishing of the antiferromagnetic order. In the presence of a weakly coupled
ferromagnetic ladders, an applied magnetic field aligns the FM ladders reducing the insulating gap
and therefore an increase of the charge carriers. The different results obtained in-plane (ρab) and out
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of plane (resistivity along c direction) for GdBaCo2O5.5 implies that the arrangements of the mag-
netic moments plays a major role for the observed anisotropy in resistivity. There are contradictory
results regarding the Ising-like anisotropy. While, Taskin [25] observed an ordering of the magnetic
moments along a-direction, Khalyavin et al. [32] found on GdBaCo2O5.46 single crystal that resistivity
in ab-plane is larger than along c direction.
2.2.4 Magnetic structure of RBaCo2O5.5
Although the RBaCo2O5 compounds were not investigated in the present thesis a short resume about
the magnetism found in these compounds is given. In the temperature region 5K-350K the RBaCo2O5
undergoes two transitions. At higher temperatures, around T= 340K a paramagnetic to antiferro-
magnetic transition takes place which coincides with a change from a tetragonal P4/mmm to an
orthorhombic Pmmm symmetry. Lowering the temperature the second phase transition takes place
around the charge ordering temperature TCO =210K. A ”G-type” AFM structure was proposed for
which the cobalt cations are AFM coupled in all three crystallographic axis. Based on the experi-
mental results obtained on HoBaCo2O5, Fauth et al. [8] proposed two spin state models. Since the
Co2+ is found in HS for both models, the Co3+ can be intermediate spin state either high spin states.
Moreover, below TCO it was found that the magnetic moments lies in the crystallographic a-direction.
Compounds with δ = 0.5 where the Co ions nominally possess a charge of 3+ exhibit more compli-
Figure 2.4: Ordering of the Co3+ moments in three phases of TbBaCo2O5.53. a) ferrimagnetic phase
1 at T= 260K b) antiferromagnetic phase 2 at T= 230K c) antiferromagnetic phase 3 at T= 100K.
The circles shadowing and the arrows lengths reflect the different moment value. The vectors a1 ,a2
,a3 define the chemical unit cell for each phase. Taken from [21].
cated magnetic behaviors. The spin state of the Co ions is determined by their coordination due to the
different CEF in the octahedral and pyramidal environments and by the temperature. The thermally
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driven spin-state transitions (SST) provide the background to a metal-insulator transition and to three
different magnetic phase transitions observed above and below room temperature. The complexity of
the magnetic properties arises from the fact that the SST may be accompanied by spin state ordering
(SSO) transition [31].
The nature of the transitions and the spin state of cobalt ions is of controversial debate in the liter-
ature. For example, a study of neutron powder diffraction measurements performed on TbBaCo2O5.4
suggests that the spontaneous magnetization is due to a interaction of a small canting magnetic mo-
ments of cobalt ions [33].
Figure 2.5: Schematic representation of the magnetic structure a) above TN1 and b) below TN1 for
RBaCo2O5.5 compounds with the 122 type of crystal structure. Cobalt ions in the low-spin state Co
3+
are denoted by gray circles. Taken from [36].
Based on results obtained on a single crystal of TbBaCo2O5.5 a similar non-collinear model was
proposed by Soda et al. [34] . A non-collinear model is anyhow forbidden by symmetry as shown
by Khalyavin et al. [32]. Based on measurements performed on de-twinned GdBaCo2O5.5 crystal,
Taskin et al. [17] found a strong magnetic anisotropy with the cobalt spins aligned along the a
crystallographic axis. He proposed a magnetic structure where Co3+ ions are ordered in alternating
rows of IS-in octahedra and LS in pyramids and for which a weak ferromagnetic interactions exists with
the magnetic moments oriented in a-direction. The NMR measurements performed on YBaCo2O5.5 by
Itoh et al. [35] revealed that the crystal structure in the antiferromagnetic phase has four inequivalent
cobalt sites and only two in the paramagnetic phase. Plakhty et al. [21] based on the neutron results
obtained from TbBaCo2O5.5 found three magnetic phases as shown in Fig.2.4. For the phases at
higher temperatures in the temperature range 170-290K the crystal structure belongs to the space
group Pmma and has a unit cell 2ap x 2ap x 2ap. A structural phase transition takes place below 170K
where the symmetry is changed to Pcca and the unit cell to 2ap x 2ap x 4ap. The idea of using the
Pmma structure was also used by Khalyavin and he proposed that the pyramidal cobalt ions adopt HS
over the whole temperature range whereas for the cobalt in the octahedral environments are ordered
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in LS and HS state along the a direction [36] as shown in Fig.2.5. The net magnetization above
TN comes in fact from the ferromagnetically coupled spins in the octahedral environments opposite
to the antiferromagnetically coupled spins in the pyramidally environments. The presented models
clearly demonstrates that the spin states in layered cobaltites are contradictory. Anyhow, since for the
cobalt cations found in the octahedral sites different spin states are expected, for cobalt cations in the
pyramidal sites the literature results shows that Co3+ in IS state is the most probably situation.
2.3 The aim of the thesis
As stated above, several controversial results are present in the today’s literature. Therefore, the
aim of this work is to do some studies in order to better understand and if possible to clarify the
controversial points. Since the properties of studied materials are very sensitive to the valence state of
cobalt cations a good control and determination of the oxygen content is required. For this purpose
different methods like: thermogravimetry, iodometric titration, gettering or high pressure annealing
were involved. One of the major task of this work was an improvement of the sample quality in order to
eliminate the extrinsically inhomogeneities found in powder samples. This means that states formed in
these compounds are dominated by coexisting clusters of competing phases. Since in layered cobaltites
a competition between FM-AFM phase exist, availability of good quality single crystals is mandatory.
To study more exactly the locus of metal-insulator transition in dependence of oxygen content and
R, differential scanning calorimetry measurements are performed.
By means of muon spin rotation technique, angle dependent measurements on single crystal are
realized on single crystal in order to obtain information about muon sites and to obtain the orientation
and size of the cobalt moments in the different magnetic phases. To clarify if the observed low temper-
ature dynamics originate from the rare earth moment or from Co spin-state transitions longitudinal
fields measurements using muon spin rotation are realized. For this purpose an Y sample serves as a
reference compound with a non-magnetic element on the rare earth site.
Differential Scanning Calorimetry, neutron diffraction and muon spin rotation measurements are
realized in order to check if a coupling of electronic, magnetic and structural degrees of freedom exists in
layered cobaltites and to microscopically observe the different magnetic phase transitions as a function
of the oxygen isotope.
Another task is the investigation of the driving force leading to electron localization at the metal-
insulator transition. The emphasis is put on experimental studies performed by means of resonant
x-ray scattering.
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Experimental part
3.1 Synthesis methods
3.1.1 Synthesis of polycrystalline samples
In this work for the preparation of layered cobaltites, solid state synthesis method was used. To prepare
polycrystalline samples of RBaCo2O5+δ (R = Y, Ho, Dy, Gd, Tb, Nd, Pr, La) starting materials of
99.994% purity for rare earth oxides, BaCO3 (99.997%) and Co3O4 (99.9985%) have been used. A pre-
annealing of the R2O3 oxides at 850
oC was performed in order to eliminate possible traces of water
and carbon dioxide. The oxides and barium carbonate were then weighed in a proper molar mass
ratio and mixed together. Then the powders were annealed at high temperatures with intermediate
re-grinding of the material. Usually, after four annealings at temperatures between 900-1150 oC for
totaly about 100 hours, a single phase of the required compound could be obtained.
3.1.2 Phase purity and structure
A phase purity of the material was checked by X-ray diffraction measurements using a Siemens D500
diffractometer. By the measurements an absorbtion nickel filter was used in order to eliminate the
Kα2 component from the X-ray spectrum (λ = 1.54 A˚).
To determine the structure a FULLPROF program was used. The program is based on the Ri-
etveld refinement procedure where the least-square refinements are performed until the best agreement
between the observed diffraction pattern and calculated pattern is realized. For the calculated pattern
a series of parameters like: diffraction instrument specifications, background, wavelength, lattice pa-
rameters, atom positions, site occupancy were fitted. A detailed description of the Rietveld procedure
can be found in the Ref. [37].
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3.2 Crystal growth methods
For studies of physics and chemistry of condensed phases, it is crucial to obtain good quality sin-
gle crystals since for polycrystalline materials, the properties of the grain boundaries often manifest
themselves stronger than the properties of the material itself. Additionally, for the neutron scattering
studies large cm3-size single crystals are necessary. In the production of oxide single crystals usually
methods of crystallization from high temperature solutions are applied. These are especially useful for
materials with incongruent melting points, having high vapor pressure upon melting or undergoing a
phase transition under cooling. Applying a proper high temperature ”solvent” a crystallization can be
performed at temperatures much below the melting point.
Commonly, following growth techniques from melts are employed [38]:
• Flux method
• Top Seeded Solution Growth (TSSG)
• Traveling Solvent Floating Zone (TSFZ)
3.2.1 Flux method
The flux method is in principle the simplest one. The crystallized material in a polycrystalline
form is mixed with suitable solvent and melted. Then the solution is slowly cooled and the material
crystallizes with spontaneous nucleation. The crystals, which can be obtained by this method, are
commonly very small. Very often it is difficult to separate the crystals from the solvent as well as to
avoid contaminations from the crucible material and the solvent.
Figure 3.1: The principle of the Top Seeded Solution Growth.
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3.2.2 Top Seeded Solution Growth
The Top Seeded Solution Growth is a crystal pulling method. The principle is shown on Fig.3.1
for a case of growing of the YBa2Cu3O7−x (Y123) single crystals. A mixture of 3BaO·5CuO can be
used as a solvent with Y2BaCuO5 (Y211) as the solute. The solute dissolves in the solvent and react
to form the Y123 phase at the seed:
Y2BaCuO5 Solid + 3BaO · 5CuO Liquid −→ 2Y Ba2Cu3O7−x (3.1)
In principle the method enables growing relatively large crystals (cm3-size). A serious problem is here
the choice of the crucible material; e.g. the 3BaO·5CuO melt reacts rapidly with practically all known
crucible materials.
3.2.3 Travelling Floating Zone method
The floating zone technique is based on the zone melting principle and its main advantage is no
necessity to use crucible which reduces possible contaminations.
Figure 3.2: In the left panel, a commercial TSFZ growth machine is shown. Upper pictures show
an open mirror furnace and photograph of the grown crystal delivered ”on line” by video camera,
respectively. In the right panel the FZ principle is sketched. The light is focussed at the region
where the seed and feed rod get in contact. Rotations of the two rods is realized to obtain a more
homogeneous liquid.
Different zone melting technique modifications have been developed applying both, horizontal or
vertical configurations [39, 40]. The vertical floating zone method is the ”cleanest” method where
the molten zone is formed and held between two solid rods (called seed and feed rods) by its own
surface tension as shown in Fig.3.2. Large crystals of many materials can be grown by this technique
including transition metal oxides, superconductors, colossal magnetoresistance materials and frustrated
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1D-magnets. In the case of metals and semiconductors high frequency heating coils are often used to
create the molten zone. For insulating materials, infrared image (IR) furnaces are applied, which
enable a focus of the radiation into a narrow band around the material.
Figure 3.3: Crystallization of the compound (D) with incongruent melting temperature by the TSFZ
technique.
The TSFZ method enables successful growth of materials, which do not melt congruently (see
Fig.3.3). In order to grow such materials a solution (flux) with low melting point is used between
the feed material and the seed crystal. Thus, the processing temperature can be kept well below
the decomposition point of the material grown. During the process, the feed material is dissolved
in the solution zone and diffuses to the seed/solution interface. When the solution (floating) zone is
translated, solidification, in the form of a single crystal, occurs at the seed/solvent interface and new
feed material dissolves at the feed/solvent interface. Large crystals of many perovskites can be grown
by the TSFZ technique in an infrared image furnace. The range of materials grown includes transi-
tion metal oxides, superconductors (none of the high-Tc compounds melts congruently [41]), colossal
magnetoresistance materials and frustrated 1D magnets. Typical examples are superconducting ox-
ides RBa2Cu3O7−δ , Bi2Sr2Can−1CunO2+4n+δ (n=1,2), R2−xMxCuO4 and colossal magnetoresistance
(CMR) oxides R1−xMxMnO3 (R= rare earth and M= Sr, Ce, Pb and Nd).
If the material can be molted without decomposition (congruent melting point), a similar Floating
Zone (FZ) method can be used without applying a solvent. In this case the compositions of the liquid
and both solid phases are identical.
At Paul Scherrer Institute a commercial TSFZ growth machine (model FZ-T-10000-H-VI-VP, CSI
Japan) is available since 2004. The heat supplied to the molten zone is realized using four halogen
lamps focused with mirrors to the sample. The lamp bases are cooled by water. Four different power
lamps (150, 300, 500, 1000 and 1500 Watt) enable to reach temperatures up to 2200 oC. The growth
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process takes place inside of a quartz tube which allow a use of different, inert, oxidizing or reducing
atmospheres and pressure up to 5 bar. Movements of the mirrors, seed rod and rotation of both seed
and crystal rods can be controlled independently. The setup is equipped with an infrared camera giving
a possibility of in situ observation and control of the growth process. Melt temperature during growth
can be precisely controlled by applied lamps power but can not be measured directly. Contactless
measurement of the temperature by pyrometry is virtually impossible as the light reflected from the
floating zone competes with those emitted. Stability of the molten zone is usually controlled by visual
observation and manual adjustments of the lamps power.
3.3 Oxygen content determination
Most of the physical properties of RBaCo2O5+δ strongly depend on the oxygen content. Therefore, a
very precise determination and control of the oxygen content was mandatory in the present studies.
Oxygen content in RBaCo2O5+δ has been determined using two different methods: thermogravimetric
hydrogen reduction and iodometry. A brief description of the two methods are given here.
3.3.1 Thermogravimetric hydrogen reduction
Thermogravimetric hydrogen reduction can be used for the determination of oxygen content in layered
cobaltites. In the presence of a reduced atmosphere (He+5%H2) the sample is heated up to 900
oC.
As a consequence the cobalt cations are reduced to the metallic state. Assuming that products of the
reaction with hydrogen are Co, BaO and R2O3 then from the weight loss recorded on thermobalance
the oxygen content in the starting material can be calculated:
RBaCo2O5+δ + (2.5 + δ)H2 → 0.5R2O3 +BaO + 2Co+ (2.5 + δ)H2O (3.2)
An example is shown in Fig.3.4 where a change of the weight of 8.22 % was observed in the case of
TbBaCo2O5+δ and consequently a value of δ = 0.5 was determined. The measurements were performed
using a NETSCH STA 449C thermobalance equipped with a mass spectrometer which allow to identify
the gaseous products of the reaction. Conder et. al [42] conclude an average reproducibility error of the
oxygen content determination of ± 0.02 in the case of thermogravimetric hydrogen reduction whereas
for iodometric titration higher reproducibility ± 0.005 could be obtained.
3.3.2 Iodometry
Iodometry is an analytical technique in which the RBaCo2O5+δ sample is dissolved in diluted hy-
drochloric acid in the presence of potassium iodide. As a result the following reduction-oxidation
reaction takes place:
2Co3+ + 3I− −→ 2Co2+ + I−3 (3.3)
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Figure 3.4: Thermogravimetric hydrogen reaction of TbBaCo2O5+δ. Above 800
oC the reaction is
completed as the sample weight shows a plateau and no water is created.
Co4+ + 3I− −→ Co2+ + I−3 (3.4)
The amount of the liberated iodide I−3 is determined by titration with sodium thiosulfate, Na2S2O3.
I−3 + 2S2O
2−
3 −→ 3I− + S4O2−6 (3.5)
To detect the end of the titration starch is used as an indicator which produces a blue color in a
contact with iodine molecules. Knowing the amount of the liberated iodine it is possible to calculate
the average oxidation state of cobalt cations and consequently the oxygen index.
3.4 Adjustment of the oxygen content
The oxygen content can be tuned by annealing of the sample in controlled atmosphere (precisely defined
oxygen partial pressure) followed by quenching, or by gettering of a fully oxidized sample (with e.g.
metallic Zr, Y and Cu) in sealed ampoules. For the gettering procedure the sample is placed in a
Al2O3 crucible and the getter into another crucible. Both crucibles are sealed under vacuum inside a
quartz tube. The ampoule is then annealed at temperatures at which the getter starts to oxidize (e.g.
850 oC in the case of Cu) and the oxygen released from the sample is absorbed by the getter. In this
way the amount of getter can dictate the final oxygen content in the sample.
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3.5 Stability and thermal properties
All compounds synthesized in this work were investigated using thermal analysis methods. Thermal
analysis consist of a group of methods which can give information about chemical properties of ma-
terials in dependence of temperature. The thermal analysis commonly includes Thermogravimetry,
Differential Thermal Analysis and Differential Scanning Calorimetry.
3.5.1 Thermogravimetry
Thermogravimetry (TG) is a technique in which the mass of a substance is measured as a function
of temperature (or time) while the substance is subjected to a controlled temperature programm. An
application of TG method for oxygen content determination was already described in the previous
section. Thermogravimetry can also be used to study oxygen thermodynamics in nonstoichiometric
oxides. For that, the sample is heated in a stream of an inert gas with certain oxygen concentration
(oxygen partial pressure) and a mass change of the sample is recorded. Results of such measurements
are presented in section 4.3 of this work. The TG/DTA system (NETZSCH STA 449C) used in
this work is coupled with PFEIFFER VACUUM ThermoStar Mass Spectrometer (MS). The MS can
measure the gas evolved during a thermal decomposition of the sample. It can also easily resolve
different isotopes of an gas element, for example can differentiate between the 16O, 17O and 18O
isotopes.
3.5.2 Differential Thermal Analysis. Differential Scanning Calorimetry
Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC) are techniques mea-
suring temperature difference between an investigated sample and a reference during heating/cooling
runs. The temperature difference ∆T between the sample and reference is converted in a difference
of a heat flux. Consequently, changes in enthalpy associated with the events which occur at the crys-
tallization, structural phase transitions or melting can be detected. DSC measurements having much
higher sensitivity than DTA, proved to be a very useful tool to detect phase transitions in layered
cobaltites.
In this work we have used the NETSCH DSC 204 F1 Phoenix - Differential Scanning Calorimeter
which can be used in the temperature range of -180÷550 oC. For measurements at higher temperatures
between room temperature and 1550 oC a simultaneous TG-DTA STA 449 C Jupiter thermobalance
was used.
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3.6 Bulk physical measurements
3.6.1 Resistivity
Resistivity measurements were performed using a four-probe method. In the setup used, the four
electrodes are aligned along a straight line as shown in Fig. 3.5. A current (I) is passed through a
sample using the outer electrodes whereas the inner electrodes are used to probe a voltage (V). The
electrodes are very sharp, so that a point-like contact is considered between probes and the sample.
If the distance between two neighbor probes is equal, d1= d2= d3= d and the contacts are considered
punctiform then the conductivity can be calculated with the relation: σ= I/2piV d.
Figure 3.5: The four-probe alignment
for resistivity measurements
.
For the resistivity vs. temperature measurements the
whole system is inserted into a cryostat which allow to per-
form experiments down to 2 K in a case when liquid helium is
used. To assure a low resistance and a good point-like contact
to the sample, four gold wires were attached to the sample
using a silver epoxy resin.
3.6.2 Magnetization
The bulk magnetization measurements presented in this work
were performed on a Quantum Design Physical Properties
System (PPMS). The system enables to measure the direct
magnetization (DC) of a sample and its alternative magnetic
susceptibility (AC) in the temperature range 2K-400K in an
external magnetic field which can vary from 0 to 9 Tesla. The
sample, usually of about 100 mg is placed in a diamagnetic
gelatin capsule and fixed at the end of a long rod connected to
an engine that can impose a longitudinal movement, parallel
to the the magnetic field. The AC-susceptibility does not
directly reveal the magnetic moment of the sample. Here, the device adds a small alternating magnetic
field of the form: A·sin(ω·t), where A represents the amplitude of the field and ω is frequency, in
addition to the main field applied by the superconducting magnet and then measure the response of
the magnetic moment of the material in question. The response is of the form M·sin(ωt + φ) where
M represents the amplitude of the magnetic moment which is defined as: M2=M’2+M”2. The phase
is given by φ= tan−1M”
M ′ where M’ and M” represents the in-phase and out of phase components,
respectively. Thus, it is possible to deduct the AC susceptibility by dividing the amplitude of the
variation of the moment by the amplitude of the alternating field: χac=
dM
dH
. In other words, the
measure of χac gives the local slope of magnetization curve for a given field. We focuss on DC-
magnetization measurements performed for both: ZFC (cooling the sample in zero field, then applying
an external magnetic field and measuring the magnetic response on warming) and FC (cooling with
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the applied external magnetic field and measuring on warming) procedures. In DC-magnetization the
magnetic moment is determined through a translation of the sample through a coil detection. In this
way, the device analyzes the induced flux into the sample under the influence of the field to determine
its magnetic moment. The variation in time of the magnetic flux is proportional with the voltage and
in this way by integrating the voltage profile the effective magnetic moment of the material can be
obtained.
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Results synthesis
4.1 Powder samples
A number of powder samples of type RBaCo2O5+δ could be obtained using solid state synthesis pro-
cedure. Four intermediate re-grindings were enough to obtain single phases as checked by XRD. In
Table 4.1 the prepared samples are listed.
YBaCo2O5.39
HoBaCo2O5.40
DyBaCo2O5.40
TbBaCo2O5.41
GdBaCo2O5.51
PrBaCo2O5.71
Table 4.1: Oxygen content for the as-prepared samples in air.
The oxygen content for all the samples after synthesis in air was determined using iodometry and
hydrogen reduction.
As studies presented in this work were concentrated on samples with oxygen contents close to δ =
0.5, an adjustment of the oxygen content had to be performed. To increase oxygen content for those
samples with a deficit in oxygen like e.g. HoBaCo2O5.40 or TbBaCo2O5.41 it was necessary to anneal
them at high oxygen pressures at intermediate temperatures. Fortunately, annealing at 550 oC in 1 bar
oxygen flow during 30 hours was enough to increase the value of the oxygen content very close to 5.5
for Y-112, Ho-112, Dy-112 and Gd-112. Opposite, to decrease oxygen content as it was necessary for
as prepared PrBaCo2O5.71 we used a gettering method which enable precise tuning of oxygen content.
For this we have used a cooper getter which starts to oxidize around 850 oC.
In order to study oxygen thermodynamics as described in section 4.3 samples with possible high
oxygen content should be synthesized. Thus, the samples were annealed at 50bar of oxygen- the highest
pressure available in our laboratory. The highest oxygen content was obtained for PrBaCo2O5+δ after
annealing at 650 oC in 50 bar of oxygen for 10 hours. We have found δ =0.78. In the case of other two
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chosen compounds like HoBaCo2O5.40 and GdBaCo2O5.40, annealing at pressures higher than 10 bar
we decreased the annealing temperature to 500 oC. However, even then XRD measurements could
detect impurity phases: BaCO3 and cobalt oxide. Therefore, structural and magnetic properties of
GdBaCo2O5+δ in function of oxygen content were studied within 4.97 ≤ 5 + δ ≤ 5.51.
A special case was a sample preparation of LaBaCo2O5+δ since for a synthesis of a layered perovskite
high oxygen pressures are required [43]. LaBaCo2O5+δ sample was synthesized by a solid state reaction
as described in section 3.1.1. The obtained material was separated into two batches. One batch was
additionally annealed in oxygen flow for 20 hours. The oxygen content was determined by iodometric
titration. We have found for the as-prepared sample an oxygen content of δ =0.88 whereas for the
oxidized sample δ =0.97±0.01. Analysis of our X-ray data using Rietveld profile refinements has
revealed a cubic structure with a space group Pm3m for both sample batches. The cubic symmetry
implies a complete disorder of the lanthanum and barium ions on the same site of the perovskite
structure.
4.2 Range of oxygen stoichiometry
As it was already mentioned, the oxygen stoichiometry (parameter δ) has an important effect on the
magnetic and transport properties since this parameter reflects the valence state of Co ions. The main
purpose of our study was to investigate structural and magnetic properties of GdBaCo2O5+δ (0.0 < δ
= 0.51) which were rapidly quenched.
Figure 4.1: DSC curves for the quenched samples of GdBaCo2O5+δ taken at a scan rate of 10
oC/min.
Polycrystalline samples of GdBaCo2O5+δ were prepared by a solid state reaction as described in
section 3.1.1. The ”as synthesized” compound had an oxygen stoichiometry of δ = 0.51. Samples with
different oxygen contents were obtained by annealing in argon at different temperatures in a vertical
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Oxygen stoichiometry (δ) Integrated intensity (J/g) Peak temperature (K)
0.33 0.285 392.3
0.38 3.378 392.3
0.44 3.526 387.9
0.48 4.015 368.1
0.51 6.255 357.1
Table 4.2: Results of DSC measurements of GdBaCo2O5+δ for different stoichiometry δ.
tube furnace. After isothermal annealing the sample was quenched by dropping into liquid gallium.
To determine the oxygen content in all the samples the iodometric titration method was used. The
phase purity control and the structure determination were carried out using X-ray powder diffraction
(XRD) using a Cu Kα radiation.
Figure 4.1 presents the DSC curves obtained at a heating rate of 10 oC/min for which endothermic
peaks in the temperature range 357.1K ÷ 392.3K can be observed. The observed transitions correspond
to the metal-insulator transition. Due to the high annealing temperatures followed by a quenching a
statistic oxygen distribution in the GdOδ layers can be expected. The effect is well visible in the DSC
signals taken for samples with δ =0.44 and 0.48 for which a splitting of the signals is observed. A
plausible explanation of the observed effect would be the apparition of a phase separation (clusters)
coming from the different oxygen content or different distribution.
Figure 4.2: X-ray spectra of GdBaCo2O5+δ for the quenched samples. The right side plot shows the
oxygen content dependence of the lattice parameters and the unit cell volume (the inset plot).
The measurements demonstrate clearly that the DSC is a very precise tool to detect the MI tran-
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sition which displays a heat effect characteristic for first-order transitions. The information obtained
from the DSC measurements are given in Table 4.2 where the maximum temperature transition to-
gether with the peak integrated intensity is given for the different compounds.
4.2.1 Structural studies using XRD
A restricted 2θ portion of the X-ray spectrum is shown in Fig.4.2 a) in which the (010) reflections
of the Pmmm phase (at around 2θ = 22.7o) can be seen to diverge with the increase of the oxygen
content, indicating an orthorhombic distortion.
A splitting of the (010) Pmmm reflection into (020) Pmmm and (100) Pmmm can be detected
with increasing the oxygen content to δ = 0.38. Upon increasing the oxygen content, the intensities
of the {020, 100}Pmmm doublet decreases and vanishes at around δ = 0.51 converging to a single peak.
For all of the samples in the interval 5.33 ≤ 5+δ ≤5.51 the Rietveld analysis reveals an orthorhombic
Pmmm space group, with lattice parameters a ∼ ap and c ∼ b ∼ 2ap. Here ap refers to the cell
parameter of the ideal cubic perovskite. From the structural point of view a gradual increasing of
the c parameter with increasing the oxygen content from 4.97 to 5.51 can be seen, whereas a and b
decreases (Fig.4.2 b)). With increasing the oxygen content an orthorhombic distortion of the structure
can be detected from 5+δ = 5.33.
Figure 4.3: Magnetization measurements performed in 0.1T (ZFC) indicating a PM-FM transition for
the compounds with oxygen content higher than 5.33.
At the same composition the sample becomes magnetically ordered and a competition between
ferromagnetic-antiferromagnetic states can be further observed with increasing the oxygen content
(see Fig.4.3). This distortion reaches the maximum at the oxygen content of δ ∼ 0.38 and almost
vanishes again at δ ∼ 0.51. As can be seen in the inset of Fig.4.2 b), the volume of the pseudocubic
unit cell contracts almost linearly with increasing oxygen content over the whole measured range.
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4.3 Oxygen thermodynamics
4.3.1 Law of mass action and defect notation
In the defect chemistry the lattice defects are treated as reacting chemical species obeying the law of
mass action. The thermodynamic activities of the various species are described by the concentration
of defects in the solid compound. For a general chemical reaction in thermodynamic equilibrium,
aA+ bB ­ cC + dD (4.1)
the mass-action law is given by:
[C]c[D]d
[A]a[B]b
= K(T ) = e−4G
0/kT (4.2)
Here, the capital letters represent the chemical species whereas the lower case letters are stoichio-
metric coefficients of the reaction 4.2. 4G0 represents a standard free energy change for the reaction.
Since a development of the initial concepts of defect chemistry model in the 1920 a wide variety of
defect notations have been suggested. The logical and self-consistent symbols proposed by Kro¨ger and
Vink (1953) have been gradually accepted as the most useful. We define vacancies and interstitials as
particles which occupy defined sites in a crystal and which may have a charge. Sites in a crystal are
the points where the atoms, the interstitials, or the vacancies can be situated. For a crystal composed
of two kinds of atoms we have, e.g., the ”A-sites” and the ”B-sites”. If for example the A-atom sits
on the normal A-site we denote conform to the Kro¨ger and Vink notation by AA and a vacancy on a
B-site is a VB. For an A-atom or a B-atom, respectively, on its appropriate interstitial site we write Ai
or Bi. An interstitial site which is not occupied by an interstitial atom then, by definition, is occupied
by a vacancy and symbolized by Vi. The positive or negative excess charges relative to the neutral
lattice can be written as: A• for positive excess charge and A
′
for the negative charges to distinguish
this relative charge from the absolute charge.
For exemplification let us take the case of NaCl crystal. If we consider a positively charged Na+ ion
in the NaCl lattice, we write NaNa as long as it is sitting on its regular lattice position, i.e. without a
charge symbol. If we now consider a vacancy on the Na-site, the Na-ion as interstitial, or a Ca2+ ion
on the Na-site, we write: V
′
Na, Na
•
i , and Ca
•
Na because this defines the charge relative to the neutral
lattice.
4.3.2 Defect chemistry model of RBaCo2O5+δ
The thermodynamics of oxygen in layered perovskite-type cobaltites RBaCo2O5+δ (R= La, Pr) was
studied using thermogravimetry. The experimental results of the oxygen content vs. oxygen partial
pressure and temperature were interpreted using a point defect chemistry concept. The oxygen sublat-
tice is not completely occupied, so that the cobalt cations are octahedrally or pyramidally coordinated.
The overall oxygen content results from the occupancy of the oxygen sites in ROδ-layers [44]. Changing
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of oxygen partial pressure and temperature over the solid compound the oxygen concentration in the
ROδ-layers can be tuned in a wide range 0 ≤ δ ≤ 1. Based on thermogravimetric measurements oxy-
gen thermodynamic properties were elaborated. A point defect model and a mathematical approach
similar to that presented in work of Poulsen and Conder et al. [45, 46]. The compounds chosen for
the studies had relatively high oxygen content. This allows oxygen thermodynamics investigations in
a large range of oxygen stoichiometry.
Polycrystalline samples of RBaCo2O5+δ (R = La, Pr) have been prepared by a standard solid state
reaction method as described in section 3.1.1. The samples after final annealing at 1 bar of oxygen and
slow cooling with 0.2 oC/min, had oxygen content 5.96 and 5.78 for the La and Pr, respectively. Ther-
mogravimetry has been used for the thermodynamic studies of oxygen in RBaCo2O5+δ. In this method
the weight change of the sample corresponding to a change of oxygen stoichiometry can be recorded
versus temperature at different oxygen partial pressures. Thermobalance NETSCH STA 449C was
used in this work. In order to obtain oxygen partial pressures lower than 1 bar, oxygen/helium mix-
tures have been used. This was realized using gas flowmeters (BRONKHORST HI-TEC) controlling
”purge” and ”protective” streams in the NETSCH balance. For the lowest oxygen partial pressures
pure helium (99.9999%) was mixed with commercially available gas mixture (He+1%O2). Helium was
chosen from available inert gases because of low molecular weight and, therefore, small buoyancy force
and minute base line correction. In order to obtain equilibrium between the gas and the solid phase,
the heating and cooling rates have to be sufficiently low, i.e. no essential differences should exists
between the TG curves obtained during the heating and cooling runs. It was found that the rates 1.5
oC/min at pO2= 0.5 bar and 0.5
oC/min at pO2= 10
−3 bar ensure an achievement of the equilibrium.
4.3.3 Calculation model
The defect model discussed in this work considers only the point defects listed in table 4.3.3. No
defect clusters have been considered. As supported by structural neutron investigations [31, 47], the
oxygen defects were assumed to be present only in the ROδ-layers. However, the location of the oxygen
vacancies is not restricted in the model. For the cationic sublattices no vacancies have been considered
in the model, according to the results of structural investigations [3, 11, 48, 49]. However, different
oxidation states have been assumed for the cobalt cations. RBaCo2O5.5 was chosen as a reference
compound in the proposed model, as an average oxidation state of Co is 3+. From the point of view
of the defect chemistry, no differences between Co-sites (pyramidally and octahedrally coordinated)
have been assumed.
The oxidation reactions of the RBaCo2O5.5 can be written as:
RBaCo2O5.5 +
δ
2
O2 À RBaCo2O5.5+δ − 0.5 ≤ δ ≤ 0.5 (4.3)
This oxidation reaction can be written using the Kro¨ger-Vink- notation showing a relation between
the oxygen partial pressure and concentration of the oxygen vacancies and the cobalt charge:
2Co
′
Co +
1
2
O2 + V
••
O À 2Co×Co +O×O (4.4)
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RBaCo2O5.5+δ
O-site Co-site
O×O Co
′
Co (Co
2+)
V ••O Co
×
Co (Co
3+)
Co•Co (Co
4+)
Table 4.3: Point defects (Kro¨ger-Vink notation) considered in the defect chemistry model for
RBaCo2O5.5+δ.
and
2Co×Co +
1
2
O2 + V
••
O À 2Co•Co +O×O (4.5)
Additionally, a disproportionation reaction can be written:
2Co×Co À Co•Co + Co
′
Co (4.6)
The following equations can be introduced in order to describe point defects equilibrium in RBaCo2O5.5+δ.
The number of the occupied oxygen sites in ROδ-layers:
[O×O ] = 0.5 + δ (4.7)
The total number of the oxygen sites in ROδ-layers:
[O×O] + [V
••
O ] = 1 (4.8)
The total number of the cobalt sites:
[Co×Co] + [Co
′
Co] + [Co
•
Co] = 2 (4.9)
Principle of the electroneutrality of the material (charge of every new oxygen site equilibrates two
[Co•Co]) defects:
[Co•Co]− [Co
′
Co] = 2δ (4.10)
Then, the mass action law for the equations (4.4), (4.5) and (4.6) can be written as following:
Kox1 =
[O×O ][Co
×
Co]
2
[Co
′
Co]
2[V ••O ]p
0.5
O2
(4.11)
Kox2 =
[O×O ][Co
•
Co]
2
[Co×Co]2[V
••
O ]p
0.5
O2
(4.12)
Kdis =
[Co
′
Co][Co
•
Co]
[Co×Co]2
(4.13)
The equations (4.11), (4.12) and (4.13) are not independent, as it can be easily shown that:
K2dis =
Kox2
Kox1
(4.14)
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Thus, 8 parameters (O×O , V
••
O , Co
•
Co, Co
×
Co, Co
′
Co, δ, Kox1 and Kdis) are fully describing the considered
system. These can be computed based on the set of 6 equations (4.7, 4.8, 4.9, 4.10, 4.11, 4.13) and
experimental results of oxygen stoichiometry dependence on temperature and oxygen partial pressure.
In the following a brief description of the numerical procedure applied for solving of this equation set
for an isothermal case, using Microsoft Excel is given:
1. Using eq. 4.7 and 4.8 one immediately obtains O×O , V
••
O in dependence on δ. This can be done
using Excel calculation sheet with a column filled with stepped δ-values from -0.5 to 0.5 and
putting calculated values for O×O and V
••
O into another columns.
2. Combining eq.(4.9), (4.10) and (4.13) and solving a resulting quadratic equation one can obtain
concentrations of the Co×Co, Co
•
Co, Co
′
Co sites as a function of δ for a fixed, assumed value of
Kdis. Please note, that inputting some certain Kdis, some certain temperature is assumed.
3. An equilibrium pO2-value for a certain oxygen content has to be guess and Kox1 calculated from
eq. (4.11).
4. Now, using Kox1 constant, equilibrium values of pO2 can be calculated for different δ using
eq.(4.11).
5. By interactive calculations both input values for Kdis and pO2 should be refined in order to get
the best agreement with experimental data of pO2(δ) at constant temperature.
Figure 4.4: TG measurements performed at pO2=0.2 bar for PrBaCo2O5.78 (circles) and LaBaCo2O5.96
(squares). Note that the curves obtained during heating and cooling runs are overlapping which
indicates that the sample was in equilibrium with atmosphere.
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Figure 4.5: Dependence of the oxygen content on temperature at different oxygen partial pressures for
LaBaCo2O5.96 (left) and PrBaCo2O5.78(right).
It has to be noted that instead of pO2 already a value for Kox1 can be inserted in step 3. However,
in practice it is easier to use pO2 as the refined parameter, instead of a complex and not directly
experimentally accessible equilibrium constant.
Fig.4.4 shows examples of TG curves measured at pO2 = 0.2 bar for both La112 and Pr112. The
curves obtained during heating and cooling runs are overlapping, which shows that the heating/cooling
rate of 1oC/min is sufficiently low to obtain equilibrium between the solid material and the gas at pO2
= 0.2 bar. The results of the thermogravimetric measurements for both investigated compounds at
10−3 < pO2 < 0.5 bar are shown in Fig.4.5. It can be seen, that La112 compound has higher oxygen
content than Pr112 at the same pressures and temperatures.
Based on the above described point defect model, both Kdis and Kox1 have been refined for La112
and Pr112, getting the best fit with the experiment. Both experimental points and calculated isotherm
lines are plotted in Fig.4.6. A good agreement between the calculated and experimental data of oxygen
equilibrium pressure versus oxygen stoichiometry for both La112 and Pr112 can be observed. It can
be seen, that in order to obtain still lower oxygen content for these compounds partial pressures
smaller than 10−3 bar are requested. In our TG measurements a precise tuning of such low partial
pressures became technically difficult. The Arrhenius plots of Kdis for both investigated compounds
are presented in Fig.4.7.
The plots can be represented by linear equations (4.15) and (4.16):
lnKdis =
−3220± 110
T
+ 0.42± 0.13 (4.15)
lnKdis =
−5470± 430
T
+ 1.17± 0.51 (4.16)
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Figure 4.6: Calculated (solid lines) and experimental (points) equilibrium oxygen pressure over La112
(left) and Pr112 (right) at different temperatures.
Figure 4.7: Dependence of lnKdis versus 1/T from the model calculations for La112 (circles) and Pr112
(squares).
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Figure 4.8: Dependence of ln Kox1 versus 1/T from the model calculations for La112 (circles) and
Pr112 (squares).
for La112 and Pr112, respectively.
The ∆Ho values for disproportionation reaction have been calculated from the slopes of the lines
presented in Fig.4.7. These are -26.74 kJ/mole (-0.27 eV) and -45.42 kJ/mole (-0.47 eV) for La112
and Pr112, respectively. The calculated values of ln Kox1 are plotted versus 1/T in Fig. 4.8. The
fitted lines could be described as following:
lnKox1 =
10910± 250
T
− 5.86± 0.30 (4.17)
lnKox1 =
13810± 720
T
− 9.28± 0.85 (4.18)
for La112 and Pr112, respectively. From these two expressions, the ∆Ho for the reaction (2) could
be determined and found to be 90.68 kJ/mole (0.93 eV) and 114.79 kJ/mole (1.19 eV) for La112 and
Pr112, respectively. It must be noticed that the ∆Ho values are comparable with those found for
YBa2Cu3O6+δ (see [46]).
Using the model, the concentration distribution of the Co×Co, Co
′
Co, Co
•
Co sites in dependence
of oxygen content can be calculated at different temperatures. From the Fig.4.9 it can be seen an
increased disproportionation of the cobalt charge with rising temperature especially at δ = 0.
The study of the oxygen thermodynamics in RBaCo2O5.5+δ (R = La, Pr) presented in this work
allow calculation of the oxygen stoichiometry in dependence on oxygen partial pressure and temper-
ature. In order to describe the behavior of oxygen in the considered nonstoichiometric compounds
it was sufficient to take into account only oxygen vacancies in the ROδ-layer and different charges of
33
4.3 Oxygen thermodynamics Results synthesis
5.0 5.2 5.4 5.6 5.8 6.0
0.0
0.5
1.0
1.5
2.0
0.0
0.5
1.0
1.5
2.0
0.0
0.5
1.0
1.5
2.0
5.0 5.2 5.4 5.6 5.8 6.0
0.0
0.5
1.0
1.5
2.0
0.0
0.5
1.0
1.5
2.0
0.0
0.5
1.0
1.5
2.0
750 oC
Co.CoCo
'
Co
CoxCo
 
 
CoxCo
Co.CoCo
'
Co
600 oC
 
 
Co.CoCo
'
Co
CoxCoLa112
 
Co'Co Co
.
Co
CoxCo
Oxygen content, 5+Oxygen content, 5+
C
o 
ca
tio
n 
co
nc
en
tra
tio
n
750 oC
 
 
Co'Co Co
.
Co
CoxCo
600 oC
 
Co'Co Co
.
Co
CoxCo
500 oC500 oC Pr112
 
 
Figure 4.9: Calculated concentrations of the Co
′
Co, Co
×
Co, Co
•
Co sites in La112 (left) and Pr112 (right)
in dependence of oxygen content at temperatures 500, 600 and 750oC.
the cobalt sites. Independently of oxygen content and oxygen partial pressure, equilibrium constants
for the oxidation reactions could be refined. Using the presented model we could also calculate the
concentration distribution of the cobalt charge in the structure in dependence on temperature and
oxygen stoichiometry.
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4.4 Single crystals
4.4.1 Investigation of the phase diagram
Knowledge of phase diagrams is essential for understanding relations between the chemical composition,
processing conditions and structure of synthesized materials. Phase diagrams for ceramic (oxide)
systems are available for some binary, but very seldom for ternary and higher systems. Since a
phase diagram is a representation of thermodynamic properties of a system, it is in principle possible
to calculate it if the thermodynamic properties of all the phases existing in the system are known.
However, in most of the recently investigated systems even binary phase diagrams and especially
thermochemical data for complex oxides are not available [50, 51].
4.4.2 Ternary phase diagrams for system CoO-BaO-R2O3
For a representation of ternary systems the Gibbs triangle is used. On the sides of the triangle the
compositions of the binary mixtures are given in molar fraction or in percentage of each component.
All the points inside the triangle represent different ternary compositions. In the case of cobaltites
investigated in this project, one has to deal with ternary R2O3-BaO-CoO (R-rare earth element) or
even quaternary systems (assuming different oxidation levels of cobalt). The equilibrium condition
between the different phases in a system is given by the Gibbs phases rule.
The most general relation for the number of phases is given by:
f = C + 2− l (4.19)
where l represents the number of degrees of freedom, C number of independent chemical components
and f number of the phases. For a high temperature crystal growth from a liquid phase one can
assume that C=3 ( only one Co2+ oxidation state) and l=2 (for temperature and pressure). Therefore,
a liquid phase can be in equilibrium with maximal two solid phases.
Fig.4.10 shows in a Gibbs triangle, measurements of composition of the liquid phase obtained
after quenching of the floating zone after crystal growth process of Tb0.9Dy0.1BaCo2O5+δ. The EDX
measurements revealed that concentration of rare-earth (Tb and Dy) in the melted phase, close to the
crystal-flux interface is much smaller compared to the unmelted feed rod (the yellow and violet points
in Fig.4.10).
One of the methods of examining phase relationships within a ternary system is a construction
of isothermal sections through the diagram. These are investigated equilibrating starting materials
mixtures at certain temperatures and oxygen partial pressures followed by quenching and identification
of the existing phases by X-ray phase analysis. Although such phase diagrams are already relatively
well known for many superconducting materials [52] there is only limited information about the R-
Ba(Sr,Ca)-Co-O system [53].
DTA can be used for investigations of the phase diagrams. Especially for crystal growth experi-
ments, investigations of the phase diagrams sections close to equilibrium between the liquid and solid
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Figure 4.10: Gibbs triangle of the CoO-BaO-0.9TbO1.5·0.1DyO1.5 system. The dashed line shows com-
positions for which Co/Ba ratio is 2. The points inside of the triangle were composition measurements
obtained by energy dispersive X-ray (EDX). The measurements made on the liquid being in equilib-
rium with growing crystal are marked with red, green and blue points. The yellow and violet points
represent the composition of the R112 phase for a non-melted feed rod.
Figure 4.11: DTA measurements performed for the different PrBaCo2O5+δ compositions [54].
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are essential and can be performed using DTA [54]. Such studies enable revealing of primary crys-
tallization fields (i.e. temperature and composition ranges) of the liquid being in equilibrium with a
crystal to be grown. In the course of our work we have investigated different systems with R=Tb, Ho
and Pr.
In Fig.4.11 the DTA measurements performed for the pure PrBaCo2O5+δ compound (during heat-
ing) as well as for different compositions as indicated on the figure, are shown. The different compo-
sitions were realized by mixing of the PrBaCo2O5+δ and BaCoO3 in different rations. The respective
compositions were heated above the melting point and then DTA curves were recorded during cooling.
Based on these experiments, a pseudobinary equilibrium phase diagram was constructed as shown in
Fig.4.12.
Figure 4.12: Pseudobinary phase diagram for the system PrCoO3-BaCoO3 showing primary crystal-
lization field for growing of incongruent (with decomposition) melting PrBaCo2O5+δ.
When PrBaCo2O5 is heated above the peritectic temperature, it incongruently decomposes into
a solid and liquid phases of different compositions. However, the compound can be grown from a
liquid of a composition as shown by liquidus line marked with red color. For the incongruent melting
compound the red line can be reached in a self-adjusting procedure [41].
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4.4.3 Temperature distribution in mirror furnace
Heating by a focused light like in TSFZ method produces large temperature gradients in the floating
zone. In order to get an impression about temperature distribution along the floating zone, heating
experiments were performed using an alumina tube of 7 mm instead of the feed rod. During heating
temperature inside the tube was measured using K-type thermocouple. The thermocouple was trans-
lated slowly upward for recording temperature profiles. The measurements have been performed using
three different lamp sets: 300, 500 and 1000 Watts. The lamps power were fixed at 60 % of the total
power. The measured results are are shown in Fig.4.13.
Figure 4.13: Temperature distribution in the infrared image furnace (CSI, Japan) obtained using
different halogen lamp sets at 60% power.
For all the measurements the peak temperatures are situated at the centrum of the focal point
(no defocusing effects were observed). The width of the molten zone decreases for smaller lamps.
Therefore, whenever possible (i.e. melting point can be reached) the smallest lamps should be used
for the growth. A wider heating zone could cause difficulties in a control of a stable zone. Fig.4.12
shows that the temperature range for the crystallization of RBaCo2O5+δ is only about 70
oC. This,
corroborate with the temperature distribution shown in Fig.4.13 is probably one of the main difficulty
by the crystal growth.
4.4.4 Crystal growth of Tb0.9Dy0.1BaCo2O5+δ
Only a few publications based on studies of layered cobaltite single crystals are available. Some of them
have been performed on single crystals grown by the Travelling Solvent Floating Zone method (TSFZ)
(R= Gd, Tb, Sm, Nd) [17, 34]. Some other studies have been performed on single crystals grown by
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spontaneous crystallization from an overstoichiometric flux melt (R= Eu, Gd, Tb, Dy) [55, 56, 57].
Unfortunately, no detailed description of the growth procedure has been given in the case of crystals
grown by TSFZ. Taskin et al. [17] found for GdBaCo2O5+δ that the growth in a flow of dried air, with
a rate of 0.5 mm/h was essential for obtaining an ordered crystal structure with reduced number of
domains in the produced crystalline rod. Higher growth rates inevitably caused multi-domain crystal
growth. For the studies of magnetic and transport properties as well as Raman spectroscopy and
synchrotron studies small crystals can be used. On the other hand, for neutron studies one needs big
crystals and multigrain growth should be avoided. Additionally, for neutron studies GdBaCo2O5+δ
crystals cannot be used due to a high neutron absorbtion. Therefore, in this work we focuss our
attention on materials which can be suitable for neutron experiments (e.q. R= Tb, Pr, Y).
In Fig.4.14 a picture with an unsuccessfully crystal growth of PrBaCo2O5+δ is shown. Many
domains crystal are visible under the polarized light.
Figure 4.14: As grown PrBaCo2O5+δ material
at 3bar of 20%O2 in Ar. The right pictures show
a cross section of the crystal rod under opti-
cal microscope. The presence of more than one
phase is well visible under the polarized light.
In the primary crystallization field studies of Bar-
ilo et al. [57], stable growth conditions and limited
initial nucleation have been obtained in the case of
Tb0.9Dy0.1BaCo2O5+δ. Thus, it looks that this crys-
tals are more easy to grow than pure TbBaCo2O5+δ.
Based on this observation we concentrated us on crys-
tal growth of Tb0.9Dy0.1BaCo2O5+δ using the TSFZ
method.
The feed and seed rods (7÷10 mm in diameter
and up to 80 mm in length) were prepared by press-
ing the powder in a cylindrical rubber tube at 4 kbar
using a hydrostatic press. The rods were sintered
in air at 1230 oC (close to the melting point) dur-
ing 20 hours, in order to obtain the highest possi-
ble density of the material. The melting point of
the material used was determined by DTA using a
NETSCH STA 449C thrmobalance. The investigated
compound melts incongruently at ∼ 1260 oC. An X-
ray analysis made for the condensed melt showed the
coexistence of the TbCoO3, CoO, Dy2O3, BaCo3−δ
and TbBaCo2O5+δ phases. As the phase diagram for
the discussed system is not known, there is no infor-
mation about the liquid composition being in equilib-
rium with crystalized material. Based on the work of
Bychkov [58] we have tried to use CoO-BaO (∼ 3:2) flux for the floating zone. This, however, was not
successful as the flux melted at higher temperature than the feed rod. Finally, no special flux was used
for the floating zone and a ”self-adjusting flux” approach was applied. In this approach the feed rod
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is just melted at the beginning of the growth process. In the first step the material which crystallizes
at the floating zone-crystal rod interface has different composition from the feed rod. Simultaneously,
the floating zone composition will change and its temperature decrease. Finally, a steady-state condi-
tion could be achieved with a composition of the flux in the floating zone being in equilibrium with
the grown material at temperature below the peritectic decomposition. Then, the composition of the
floating zone does not change in the course of growth. It is because at the feed rod-flux interface
and crystal-flux interface the material that is dissolving and crystallizing, respectively, has the same
composition [41].
A number of preliminary tests have been performed to find the proper growth conditions. Many
trials with different growth rates 0.2 - 2 mm/h were carried out. A growth process instability caused by
the change in the liquid volume at the molten zone was observed at growth rates below 0.5 mm/hour.
Similar behavior was observed also for the different atmospheres (oxygen/argon mixtures). As a
consequence, it was very difficult to maintain a constant diameter of the crystal at constant heating
power and fixed growth rate. We noticed that an increase of the feed rod diameter from 7 mm,
commonly used, up to 10 mm and even higher, considerably improves the molten zone stability and
allows growth of crack-free crystal up to 5 mm in diameter in the inner part of the crystalized rod.
After many experiments, we have found conditions for a successful crystal growth: a slightly oxidizing
atmosphere Ar + 2% O2 at a pressure of 2 bar, growing rate of 0.5 mm/h and a rotation of the upper
and down rods of 15 rpm. For a growing rate higher than 0.5 mm/hour the grown samples displayed
numerous cracks and no single phase could be obtained. The crystal growth conditions are presented
in Table 4.4.
Figure 4.15: (a) As grown sample of Tb0.9Dy0.1BaCo2O5+δ. (b) A picture taken under optical mi-
croscope for a piece cut perpendicular to the growth direction. (c) The X-ray rocking curve of
Tb0.9Dy0.1BaCo2O5.5 for the (004) Bragg reflection.
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Growth conditions
Growth rate 0.5 mm/h
Seed and feed rod rotation 15 rpm
Feed rod diameter 10 mm
Gas atmosphere 2% O2 in Ar
Table 4.4: Growth parameters used to obtain crack-free Tb0.9Dy0.1BaCo2O5+δ single crystals
A photograph of the as-grown Tb0.9Dy0.1BaCo2O5+δ crystal together with the rocking curve and a
microphotograph showing a cross-section of the crystal are presented in Fig. 4.15.
Vertical lines show peak positions and intensities acquired from Powder Diffraction File (01-070-8102)
for Tb2Ba2Co4O11. Additional phases: cobalt oxide, barium cobalt oxide and terbium cobalt oxide are
present in the outer part of the grown material (see inset of the picture).
From the as-grown sample we could separate (5 × 5 × 10 mm3) single crystals. As evident from
Fig. 4.15(b) the grown crystal was composed of inner and outer parts. The two parts of the ”as grown”
sample have been analyzed by X-ray powder diffraction. The inner part of the crystal shows a single
phase with no traces of additional phases (see Fig. 4.16). The refinement of the crystal structure
parameters (for the inner part of the sample) was performed using the FULLPROF program [37].
A pseudo-Voigt function was chosen to generate the line shape of the diffraction peaks. The crystal
symmetry was found to be orthorhombic with Pmmm space group and lattice constants: a= 3.90088,
b= 7.81779, c= 7.50396 A˚. In the outer part impurity phases like cobalt oxide, barium cobalt oxide
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and terbium cobalt oxide were found in addition to the main phase, as shown in the insert of Fig. 4.16.
The crystal from the inner part was separated from the rest of the material using a diamond saw
and subjected to further investigations. The crystal was oriented using an X-ray Laue diffractometer.
The crystallographic c-axis was found to be perpendicular to the growth direction where a cleavage
along the ab plane can be easily performed. The X-ray rocking curve was measured using a SEIFERT
XRD 3003 PTS on the cleaved surface of the crystal. The area of the crystal irradiated by the incident
X-ray beam was 1x1 mm. As shown in Fig. 4.15(c), the profile of the (004) Bragg reflection has a
FWHM of 0.029, indicating a good crystalline quality.
Figure 4.17: SEM micrograph taken from the longitudinal cross section of the feed rod with condensed
flux at the end. The broken line shows the border between the condensed melt and solid material that
never melted.
The chemical composition of the floating zone was measured after disconnection of the feed and
the crystal rods and quenching. The feed rod was cut parallel to its axis and polished. Measurements
were performed on the melted part (representative of the flux during growth) and on material that
was never melted (used as a reference). Fig. 4.17 shows regions of the energy dispersive X-ray (EDX)
measurements made on this rod. The results are presented in Table 4.5.
The EDX results show that the floating zone obtained during growth at steady state conditions [41]
is rare-earth deficient. It is also evident that there is a gradient of the rare-earth concentration (compare
results for regions 1 with 2, 3 and 4) in the floating zone. Especially, the rare-earth concentration close
to the crystal-flux interface is extremely small. Thus, the growth process has to be carried out with a
very slow rate assuring sufficient diffusion of the rare-earth elements within the floating zone. Similarly,
the superconductor YBa2Cu3O6+δ can be grown by a Top Seeded Solution Growth method from Y-
poor melt with addition of solid Y2BaCuO5 being an Y-source, continuously dissolving in the flux
during the growth [59].
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Nr. At.% Tb-L At.% Dy-L At.% Ba-L At.% Co-K Stoichiometry (only metals)
1 2.2 36.3 61.5 Tb0.06BaCo1.69
2 7.2 32.7 60.2 Tb0.22BaCo1.84
3 9.0 1.3 34.7 55.0 Tb0.26Dy0.04BaCo1.58
4 9.2 1.1 32.6 57.2 Tb0.28Dy0.03BaCo1.75
5 23.3 3.1 25.2 48.5 Tb0.92Dy0.12BaCo1.92
6 24.1 2.2 25.9 47.9 Tb0.93Dy0.08BaCo1.85
Table 4.5: EDX results of chemical composition taken for the regions as shown in Fig.4.17. Calculations
of stoichiometry have been made assuming stoichiometry coefficient for barium equal one. The signals
for Tb and Dy could hardly be distinguished as the characteristic peaks overlap.
4.4.5 Twins formation in RBaCo2O5+δ
Figure 4.18: (a) Microstructure of
TbBaCo2O5.5 crystal polished sur-
face taken under polarized light (b)
TEM picture taken from a grain of
TbBaCo2O5.5 powder.
Crystal twinning occurs when two separate crystals share
some of the same crystal lattice points in a symmetrical man-
ner. In a crystal of RBaCo2O5+δ the small differences be-
tween the a and b parameters of the unit cell brakes the sym-
metry of the crystalline structure when the oxygen content
changes. During the crystal growth, it is vigorously easy that
the oxygen propagation changes from the a-axis into a b-axis
which causes an alternation between a and b axis. This last
phenomenon is at the origin of the formation of the twins.
Consequently, the formation of twins is random, as seen in
Fig.4.18 a) for the case of TbBaCo2O5.5 crystal. The behav-
ior arises due to a phase transformation from tetragonal to
an orthorhombic symmetry. Fortunately, for RBaCo2O5+δ it
is possible to remove the twins. For this a de-twinning cell
had to be build which allow applying an uniaxial pressure un-
der different gas atmosphere and elevated temperatures. A
carefully oriented compressive stress is applied to the twinned
crystal and the process is in situ controlled using an optical
microscope. To remove the twins one should heat the crystal
up to ∼400 oC, in an oxygen atmosphere and by applying an
uniaxial pressure a rearrangement of atoms occurs. Within
ab plane there are always oxygen ions between cobalt. Under
the applied pressure, this oxygen atoms jump diagonally to-
wards the a direction by leaving a vacancy in the b-direction
(which is the direction of the applied pressure).
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Chapter 5
Results bulk physical properties
5.1 Locus of MI transition: DSC, resistivity, specific heat
Metal-insulator transition in layered cobaltites manifests itself, apart of stepwise resistivity change, by
an abrupt change of the lattice parameters, bond distances, strong specific heat (Cp) and differential
scanning calorimetry signals, infrared absorption spectra and magnetic properties anomalies. Kasper
et al. [60] investigated a MI transition using IR-spectroscopy for TbBaCo2O5+δ with different oxygen
contents and different thermal history (quenched and slowly cooled). For the slowly cooled sample
the IR-spectroscopy show double split (340 and 370 cm−1) and triple split (520, 580, and 640 cm−1)
optical phonon bands which has been interpreted as bending and stretching modes of Co-O-Co bonds,
respectively. The intensities of these phonon bands decrease as the temperature increases and in the
metallic state they are not observable anymore. It was suggested that this finding together with ob-
served high entropy change at TMI (Cp measurements) pointed out that the MI transition is driven
by structural (oxygen vacancy) as well as magnetic ordering. The XRD studies revealed structural
distortions where an abrupt increase of the a and c unit cell parameters and a decrease of the b pa-
rameter (conserving the same symmetry) with increasing temperature over TMI . The unit cell volume
of the high-temperature phase was shown to by about 0.2% higher compared to the low-temperature
phase. Based on neutron structural studies performed on HoBaCo2O5.5 [61] it was concluded that
metal-insulator transition above TMI = 305K occurs concomitantly with the melting of the orbital
order in pyramides and increase of the Co-O-Co bond angle together with the unit cell volume collapse.
5.1.1 DSC studies of RBaCo2O5+δ (δ ≈ 0.5)
DSC studies performed by Akahoshi et al.[44] on YBaCo2O5.5 showed on the heating process three
endothermic peaks at around 295, 270 and 230K suggesting first-order phase transitions. From their
structural measurements an abrupt change in the lattice parameters at 295K was observed which
coincides with a very pronounced peak in the DSC measurements. An additional anomaly in lattice
parameters was observed at 230K but no change at a temperature of 270K. They attribute the change
in DSC signal at 270K with a sudden decrease of the magnetization below this temperature. At 230K
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where a weak peak was observed in DSC signal the magnetization curves shows no anomaly. From
these measurements it is obvious that the DSC technique is well suitable for studies of transitions for
which an enthalpy change can be expected. DSC measurements have been performed in this work
for R-112 samples with R=Y, Ho, Dy, Tb, Gd and oxygen stoichiometries close to 5.5. By all the
measurements approximately 30mg of the sample was closed, under air, in an aluminum crucible and
the DSC-signal was recorded at a heating rate of 10oC/min. The results of experiments are shown
in Fig.5.1. In all the measurements a large signal related with the metal-insulator transition and two
other small peaks around 270K and 230K were observed similar as in the work of Akahoshi for Y112.
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Figure 5.1: Differential scanning calorimetry measurements performed for compounds with R=Y, Ho,
Dy, Tb, Gd and oxygen content very close to 5.5. The inset plot shows dependence of transitions
observed at T3 and T4 with ionic radius.
An increase of the size of rare earth induces a shift of all the peaks towards higher temperatures.
Thus for example, the temperature of the metal-insulator transition, which occurs around 295K in the
case of compound with yttrium, is observed at TMI ≈ 360K in the case of Gd112. Similarly, the T4-
transition temperature increases with ionic radius. In the inset of Fig.5.1 the ionic radius dependence
is given for T3 and T4 temperatures. The dependence looks to be linear. The structural transitions at
high temperature noted by T4 are observable for all the compounds. In order to study the transitions
observed in DSC measurement at high temperature T4, we undertook a study by neutron diffraction
measurements.
In our previous work, [62] PrBaCo2O5.48 has been studied at high temperatures in order to deter-
mine the crystal structure. Since high temperature measurements were required, a special attention
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Figure 5.2: Systematic view of Pmmm structure in the bc plane. The row indicates the oxygen
re-arrangement at higher temperature.
had to be paid to the oxygen content. The TG and DSC measurements performed in inert atmo-
sphere showed no change in the mass (oxygen loss) up to 825K and the DSC peak obtained with the
heating of 5 oC/min is also present at cooling, indicating the reversible character of the transition.
The neutron powder diffraction measurements were performed on a high resolution diffractometer at
HRPT, Switzerland in the angular range 7o < 2Θ < 165o and temperature range 300K≤ T ≤820K
using a wavelength of λ= 1.494 A˚. Below 780K the neutron data could be refined using a Pmmm
space group with an orthorhombic unit cell apx2apx2ap. A schematic view of the bc plane obtained in
this temperature region is given in Fig.5.2. Analyzing the oxygen occupancy we have found that the
O4 site is almost empty, while the O3 site is nearly fully occupied. A change of the symmetry was
observed by increasing temperature above 780K where a transition from orthorhombic to P4/mmm
tetragonal structure (apxapx2ap) takes place. By this transition O4 oxygen occupancy increases while
the O3 occupancy decreases until both sites displays equivalent occupancies. This redistribution of
the oxygen leads to a disordered state in the b-direction where no alternation of CoO5 and CoO6
(pyramids and octahedra) is present anymore.
5.1.2 Transport properties of YBaCo2O5.49
Measurements of electrical resistance were carried out on sintered samples of size 1x2x5 mm3 in the
temperature range 5K-350K using the PPMS system under air. The curve resulting as well as the
variation of Log(ρ) versus 1/T are presented on Fig.5.3.
Resistivity behavior at low temperatures indicates insulating properties with an electronic transport
activated by thermal excitations, following the Arrhenius dependence:
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Figure 5.3: Electrical resistivity of YBaCo2O5.49 as a function of temperature (shown in the left panel)
and inverse temperature, T−1 (right panel). The red line represents a fit to experimental results.
ρ = ρ0 · exp( ∆
kBT
) (5.1)
where ρ is the measured resistivity, ρo is the residual resistivity at 0K, ∆ is an energy of the thermal
activation and kB is the Boltzmann constant (kB = 8.617342·10−5 eV·K−1). The energy of activation
was found to be ∆= 40 meV indicative for a semiconducting behavior.
The temperature hysteresis is inherent to any first order phase transition. It is well known that
the width of the hysteresis curve for a gas-liquid or liquid-crystal phase transition depends on the
presence of the nucleation sites and hence is a characteristic of the system purity. However, for the
phase transitions in solids that involve elastic strain the temperature hysteresis is governed by the
competition between the free energy gain due to the phase transformation and the loss due to elastic
energy [63].
In the following subsections, different measurements like thermopower, specific heat, magnetization
and resistivity, performed on TbBaCo2O5.5 crystal grown by TSFZ method are shown. The selected
measurements have been carried out in order to characterize the grown crystals. Only single crystals
with high structural perfection e.g. allow a reliable assessment of the maximum power factor as the
important contribution in the thermoelectric efficiency.
5.2 Thermoelectric properties
The thermoelectric effect was discovered by Thomas Johann Seebeck in 1822. The thermopower mea-
sures the voltage induced in response to a temperature difference. An applied temperature difference
causes charged carriers in the material, whether they are electrons or holes, to diffuse from the hot
48
Results bulk physical properties 5.2 Thermoelectric properties
side to the cold side, similar to a classical gas that expands when heated. Mobile charged carriers
migrating to the cold side leave behind their oppositely charged and immobile nuclei at the hot side
thus giving rise to a thermoelectric voltage. The thermopower is a transport quantity which can give
information about the behavior of conduction electrons around the Fermi energy. It is also known as
the Seebeck coefficient. From the temperature dependence or from the magnitude of the coefficient
one could obtain information about the type of charge carriers.
5.2.1 Thermopower and electrical resistivity of TbBaCo2O5.5
Among other interesting phenomena discovered in layered cobaltites like: GMR, metal-insulator tran-
sition and a complex magnetic phase diagram, potential useful thermoelectric properties were found
in TbBaCo2O5.5 at temperatures below TMI . However, due to the difficulties of measurements the
thermoelectric properties could not be obtained at temperatures higher than 390K.
The temperature dependence of the thermoelectric power, S(T) for the TbBaCo2O5.5 was mea-
sured in air, simultaneously with resistivity, ρ(T) on a sample with a length higher than 4mm. The
thermoelectric power of single crystal was measured at EMPA, Du¨bendorf, Switzerland in the temper-
ature range 320÷ 950K. To measure the thermoelectric power a small oscillating temperature gradient
(about 1K) along the sample was realized. This involves an induced voltage which could be measured.
To measure the thermal gradient two chromel thermocouples were attached to the ends of the sample.
Figure 5.4: Resisitivity and thermoelectric power of TbBaCo2O5.5 single crystal within 320-930K.
Above the metal-insulator transition TMI= 340K both quantities show a gradual increase with the
temperature.
The obtained results are displayed in Fig.5.4. The thermopower between 340-400K is almost in-
dependent on temperature which indicate that the electron transport is not longer governed by the
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band gap. Opposite at lower temperatures, such a semiconductor behavior was found by Taskin et
al. [64]. As it can be seen from Fig.5.4 at temperature of ≈ 350K the thermopower is very small,
-1.59 µV/K as it is usually the case of ordinary metals. A further increase of temperature, increases
the value of the thermopower and crossing the T≈ 550K a change of the sign of thermopower from
negative to positive is observed. The sign change indicates that holes are becoming dominant carries.
The hole-conductivity in cobaltites is usually related to the presence of Co4+ ions which can occurs
from the thermally induced charge disproportionation reaction 2Co3+→Co2+ + Co4+. The change in
the thermopower’s sign is realized smoothly and a mixed intermediate state with comparable concen-
tration of electron and holes is observed. Increasing the temperature the thermopower monotonically
increases up to 680K where a change in the slope is observed. This change can be attributed to the
crystallographic symmetry change as described above. At this temperature a redistribution of the oxy-
gen vacancies takes place and the well ordered oxygen vacancies in an ideal alternation of octahedral
and pyramidal planes are destroyed. The Seebeck coefficient reaches a maximal value of ≈ 11 µV/K at
T= 930K. This is a very little gain compared with the thermopower observed at very low temperature
below TMI . Let us discuss now the resistivity measurement shown on Fig.5.4. Around T=340K a drop
in the resistivity is observed and then a weak increase with the temperature. Even if such a behavior
would suggest a metallic behavior, the relatively high resistivity observed at T>340K and the temper-
ature dependence of resisitivity does not show a simple metallic behavior. For a metal, the resistivity
would be expected to increase accordingly to the T5 (Bloch’s law) below the Debye temperature and to
increase linearly with T above Debye temperature. The results obtained on the TbBaCo2O5.5 crystal
are qualitatively and quantitatively very similar to those obtained by us in the case of PrBaCo2O5.48
where the temperature dependence of the resistivity was explained by thermally activated polaronic
conductivity [62]. The positive sign of the Seebeck coefficient observed at T >450K indicates that holes
are the majority charge carriers which comes mainly from a presence of Co4+ ions. The anomalies
observed in the temperature dependency of both, thermopower and resistivity at around 680K can
be explained by a decrease of a hole concentration. If we consider the equation of the thermopower
as: S= kB|e| · ln1−pp then the observed effects can be explained. A decrease of the hole concentration, p
would increase the thermopower as was observed in Fig.5.4. Moreover, if we consider that polaronic
hopping conductivity can be expressed as σ = |e|µp (where µ = mobility), then a decrease of the p
concentration would give a rise in resistivity increase as observed in our case.
5.2.2 Specific heat of TbBaCo2O5.5 in magnetic fields
Here, we report measurements of specific heat performed on a single crystal of TbBaCo2O5.5 grown
in our laboratory by TSFZ method. The measurements were performed at Institute of Physics PAN,
Warsaw. A PPMS system was used, so that the measurements could be made in the temperature
range 2K≤ T≤ 400K. Figure 5.5 shows the specific heat results in the representation Cp vs. T.
The measurements were performed during heating in zero magnetic field. A distinct peak related
to the metal-insulator transition appears at TMI = 340K. In the inset part of Fig.5.5 with lowering
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Figure 5.5: Specific heat of TbBaCo2O5.5 plotted as Cp vs. T taken in zero external magnetic field in
the temperature range 2-400K. In the inset plot two small but clear maxima about 264.5 and 277.5K
are observed.
of the temperature a double peak is present at a temperature of TN1 ≈ 265K which corresponds to
the antiferro-ferrimagnetic phase transition as observed in our bulk and µSR measurements. Under
zero magnetic field the measurements show a significant shoulder at about 3K. Note however that the
anomaly is not a very sharp peak, cusp or spike, as might be associated with a phase transition, but
is a smooth, broad maximum.
Our attention was focussed on the low temperature anomalies of specific heat of TbBaCo2O5.5
observed for different magnetic fields as shown in Fig.5.6. The external magnetic fields up to 9T were
applied along the c-axis throughout the experiment. An unusual behavior observed at zero magnetic
field becomes gradually indistinctive with the increasing of the external applied magnetic field higher
than 6T. The departure of the specific heat from zero at temperatures close to 0K cannot be attributed
to contributions from the electronic linear term or from the phonon mode term. Therefore, such feature
should appear from the Schottky effect coming from the splitting energy levels of Tb3+ ion as stated
in the Kramers degeneracy theorem which says that the energy levels of systems with an odd number
of electrons remain at least doubly degenerate in the presence of purely electric fields (ie. no magnetic
fields). Therefore, we have used to fit the hump like structure at low temperatures by assuming the
simplest case of a two-level Schottky anomaly. This appears justified by both the shape of the anomaly
and its distinct field dependence. The anomaly broadness and shifts to the higher temperatures with
the increasing of external magnetic fields. The most probably the anomaly presence is due to the
magnetic interaction between the unpaired Tb-4f electrons and the magnetic moment of the nucleus
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Figure 5.6: Specific heat of TbBaCo2O5.5 plotted as Cp vs. T in different external magnetic fields
for low temperature range. The upturn observed at zero field is shifted at higher temperatures and
disappears at high external magnetic field.
leading to a strong magnetic field at the nucleus. In the presence of this magnetic field a splitting
of the nuclear spin states is produced. For the high temperatures the distribution of these sates is
uniform with a random orientation of nuclear spins whereas for the low temperatures the lower energy
spin state is preferred. The change in the population of these levels leads to the apparition of a peak
in the specific heat.
Considering all the contributions to the specific heat, we were able to fit our results using the next
fit function:
Cp = γT + αT
3 +R(
δ
kBT
)2g
exp(δ/kBT )
[1 + g · exp(δ/kBT )]2 (5.2)
where the first two terms represent the electronic and the lattice specific heat. Here, R represents the
molar gas constant (R=8.314 J/mol K), δ is the splitting energy gap, kB is the Boltzmann constant
and g represents the degeneracies of the levels.
As shown in Fig.5.6 the fit function 5.2 gives a good fit to the C(T) data recorded in different
external magnetic fields. When the external magnetic fields are larger than 6T the nuclear Schottky
specific heat is affected. The initial studies are currently underway and quantitatively analysis has to
be performed further.
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5.3 Oxygen isotope effect
One of the most important topics elaborated in solid state physics is the coupling between the elec-
tronic wave function and lattice oscillations. The principal driving force for the coupling between the
electronic wave function and lattice distortion is given be the so-called cooperative Jahn-Teller effect,
which can be explained as an answer of the lattice to a local change in electrical charge. In a simplistic
picture the Coulomb interactions between the free electrons movement within a positive ion matrix will
cause a distortion of the lattice and a decrease of the kinetic energy of the electrons. Anyhow, such a
picture should be modified in the case of transition metal oxides materials where the coupling between
electrons and lattice takes place. It was shown in the past, that perovskites containing JT cations
show oxygen isotope effects (OIE) on many physical properties. These were intensively studied in the
case of superconducting cuprates (see e.g. [65, 66] for reviews) but also for giant magnetoresistive
manganates [67] and nickelates [68]. For both manganates and nickelates large (up to 20K) OIE have
been found on the Curie temperature Tc and the MI transition temperature Tmi, respectively. Such
a giant oxygen-isotope effect on the Curie temperature is not expected from conventional theories of
magnetism, where the atoms can usually be considered as infinitely heavy and static. Soon, some
researchers [69] claimed that the OIE strongly depends on the oxygen content and the others [70]
that the observed TC differences are simply caused by a difference in the oxygen index of the
16O and
18O-substituted samples.
In order to investigate the oxygen isotope effect on three different transition temperatures in layered
cobaltites, TMI , Tc and TN1, differential scanning calorimetry, powder neutron diffraction and muon
spin rotation have been applied. The oxygen isotope exchange has been performed using the setup
described in Fig.5.7.
16O2
18O2
Vacuum
LN2
pressure
18O2
Mass spectrometer
A B
Figure 5.7: Experimental setup used for the 16O −→ 18O isotope exchange in layered cobaltites.
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The apparatus consists of two chambers, A and B which allow to prepare two samples (16O and
18O) undergoing the same thermal treatment. The exchange was performed at 600◦C during several
hours, followed by cooling with a rate 100◦C/h down to 450◦C and further 15◦C/h down to room
temperature. In chamber A the isotope exchange and in chamber B an identical process in normal
oxygen takes place. The liquid nitrogen vessel is used as a trap for recycling of 18O2 after the exchange
was achieved. This is possible due to the difference of oxygen partial pressure in the experimental
chamber(usually 1.2 bar) and 0.2 bar at the boiling point of the liquid nitrogen. It must be mentioned
that the isotope-exchange process takes place in a close system. During the isotope exchange in the gas
phase following molecules: 16O2,
18O2 and
16O18O are present. After equilibrium is reached between
gas and solid, isotope content in the solid is equal to that in the gas phase(5.3):
β =
[18O2] + 0.5 [
16O18O]
[16O2] + [16O18O] + [18O2]
(5.3)
where [16O2], [
16O18O] and [18O2] are concentrations of the gas components proportional to the ionic
currents for the masses m/e=32, 34 and 36 (measured with a Mass Spectrometer), respectively. A
more detailed description of the setup can be found in [71].
The isotope 18O content in the samples could be measured in situ using mass spectrometer and then
after the exchange, evaluating the weight enlargement of the sample. Additionally, thermogravimetry
was used to measure the 18O content in the samples after a back-exchange with natural oxygen (99.8%
isotope 16O). For all our 18O-samples the isotope content was larger than 85%. For YBaCo2O5+δ,
DyBaCo2O5+δ and HoBaCo2O5+δ, after oxygen exchange δ = 0.49, 0.54 and 0.48 respectively, have
been determined by iodometry with an accuracy of ±0.01 [42]. All these values are very close to 0.5
at which a strong MI transition has been reported.
5.3.1 Oxygen isotope effect on TMI in RBaCo2O5.5
Layered cobaltites RBaCo2O5.5, similar as nickelates, show MI transitions in the temperature range
300 < Tmi < 340K (depending on R), which is accompanied by a lattice distortion [2, 3, 10, 13, 15,
22, 25, 26, 32, 72].
For the case of nickelates it was concluded that the MI transition is not of magnetic origin [68].
Additionally, observations of a large OIE on TMI suggested an existence of Jahn-Teller polarons
narrowing the conduction bandwidth [73]. This narrowing is more pronounced for the heavier oxygen
isotope, leading to an experimentally stated increase of TMI [68]. If a similar polaronic picture is valid
for cobaltites the MI transition should also be influenced by the oxygen isotope doping.
Differential scanning calorimetry and powder neutron diffraction have been applied to investigate
an oxygen isotope effect on the metal-insulator transition in layered cobaltites RBaCo2O5.5 (R = Pr,
Dy, Ho and Y) samples substituted with 16O and 18O isotopes.
In the work of Conder et al. [74] the DSC measurements performed on PrBaCo2O5+δ samples
with oxygen stoichiometries 0.4 6 δ 6 0.55 revealed a sharp transition which corresponds to the MI
transition (compare e.g. [10, 15]) as shown in Fig.5.8. Note, that another high-temperature structural
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Figure 5.8: DSC measurements of the metal-insulator transition for PrBaCo2O5+δ samples with differ-
ent δ values. Inset shows the temperature dependence 250 < T < 800K of the DSC signal taken from
PrBaCo2O5.475. Additionally to the metal-insulator transition, the second, high-temerature transition
is clearly observed.
transition was observed at T ∼ 770K (see inset in figure 5.8), whose origin was investigated by high
resolution neutron diffraction [62].
Table 5.1 and figure 5.9 (a-d) summarize the results of the DSC measurements for four pairs of
the 16O and 18O substituted RBaCo2O5+δ samples with different rare earth cations. The table shows
average results together with standard deviations calculated from the results of 3 ÷ 5 measurements.
For all the pairs of the substituted samples, pronounced shifts of the transition temperatures Tmi have
been stated. The temperature shift observed for the metal-insulator transition (∼ 2÷3K) substantially
exceeds the uncertainty of the measurements and therefore, it was concluded that the MI transition
temperature is affected by the isotope substitution. A MI transition is accompanied by a jump of the
lattice parameters [15, 22].
Sample 16O Peak temp. Heat 18O Peak temp. Heat
(K) (KJmole−1) (K) (KJmole−1)
PrBaCo2O5.50 343.6(4) 4.93(12) 345.9(3) 4.90(7)
DyBaCo2O5.54 317.9(2) 3.57(6) 319.6(1) 3.67(6)
HoBaCo2O5.48 303.8(1) 4.48(13) 306.0(1) 4.50(5)
YBaCo2O5.49 297.1(3) 2.89(11) 299.1(3) 2.74(13)
Table 5.1: Results of DSC study of RBaCo2O5+δ samples substituted with
16O and 18O.
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Figure 5.9: DSC measurements for 16O and 18O substituted RBaCo2O5+δ samples.
In the work of Pomjakushina et al. [61] the temperature dependence of the lattice parameters have
been measured for the both 16O and 18O substituted HoBaCo2O5.46 samples across the MI transition
using high resolution neutron diffraction technique in order to check the OIE in the layered cobaltites.
The evolution of the cell parameters is shown in Fig.5.10. An anisotropic change of the cell parameters
and a sudden increase of the orthorhombic strain can be clearly seen. An oxygen isotope effect of about
2K was detected, which is in excellent agreement with our DSC measurements. Detailed analysis of
the evolution of the CoO6 octahedra and the CoO5 pyramids across the MI transition can be found
elsewhere [61].
From our DSC and neutron measurements an increases of the TMI transition temperature after
18O substitution was observed. Anyhow, the OIE is rather week compared to that in manganates and
nickelates.
The effect of oxygen isotope substitution can be generally described by an isotope-effect exponent
α0=-d lnTmi/d lnm0, where m0 is the O isotope mass. The absolute value of α0=–0.06(1) obtained
for layered cobaltites is much smaller than those measured for La1−xCaxMnO3+y (α0 ∼ 0.8) [67] and
RNiO3 (α0 ∼ −0.85) [68]. The opposite sign of the isotope shift for manganates and nickelates was
qualitatively explained using the JT polaron model [68]. According to this model, the gap energy
Eg ∼ kbTmi of a charge-transfer (CT) insulator can be expressed as a difference between the charge-
transfer energy ∆ct and half of the bandwidth W , i.e., kbTmi = ∆ct −W/2. JT polaron reduces
the bandwidth by means of an exponential renormalization factor W = Wb exp{−γEjt/~ω), where Ejt
is the JT energy and ω is the frequency of the active JT mode [75, 76]. In view of the fact that ω is
inversely proportional to
√
m0, one can expect a rise of Tmi by increasing the O isotope mass. On the
other hand, the Curie temperature Tc of the hole-doped manganites is proportional to W , thus the
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Figure 5.10: Lattice parameters and orthorhombic strain ((a− b)/(a+ b) 200) for 16O and 18O substi-
tuted HoBaCo2O5.48 samples.
opposite effect is expected. Since RBaCo2O5.5 can be classified as a pd CT oxide, the negative sign of
α0 is in agreement with this model.
Recent resistivity measurements under pressure p = 2.6 GPa on TbBaCo2O5.5 reveal rather a small
(< 1K/GPa) pressure coefficient of TMI [77], also suggesting a weak change of the spin states at the
MI transition. Thus, we suppose that the small negative isotope-effect coefficient α0 supports the
hole delocalization in the Co3+ HS state (rather than a spin-state transition) as a cause for the MI
transition in layered cobaltites.
5.3.2 Oxygen isotope effect on the AFM-FM phase transition
Zero-field muon spin rotation (ZF-µSR) and DC magnetization investigations have been performed
on the antiferromagnetic-ferromagnetic (AFM1-FM) and the ferromagnetic-paramagnetic (FM-PM)
transitions of two oxygen isotope (16O or 18O) substituted HoBaCo2O5.47 powders. While the FM-
PM phase transition shows nearly no isotope effect, a small but clear shift of 1.5 K on the transition
temperature is observed for the AFM1-FM transition. Together with the observation of an isotope
effect on the metal-insulator transition on the same sample, our observations clearly show the coupling
of electronic, magnetic and structural degrees of freedom in this system. A strong coupling of the
magnetic and transport properties is generally accepted, e.g., the simultaneous occurrence of a strong
change in slope of the inverse magnetic susceptibility (possibly indicating a Co spin-state switch) and
the metal-insulator transition [8, 10, 13, 15, 21, 24, 72, 78].
A second drastic change of the transport properties occurs at TN1 where GMR is observed. Here
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Figure 5.11: Zero-field muon spin rotation measurements for the two oxygen isotope exchanged samples
of HoBaCo2O5.47 around the AFM1-FM phase transition. The high and the low frequency oscillation
correspond to the FM.
we report on macroscopic as well as microscopic (local probe) investigations of the AFM1-FM phase
transition by means of DC magnetization and ZF-µSR measurements on two oxygen isotope exchanged
powder samples of HoBaCo2O5.47. The oxygen concentration in both samples was identical and the
ratio of the 18O isotope in the substituted sample was larger than 85%. Further details of the sample
preparation and oxygen isotope substitution are given in detail in [42]. The µSR technique utilizes
positively charged muons which are implanted into the sample at interstitial lattice sites, where they
act as magnetic microprobes. If a local magnetic field is present at the muon site, the muon’s spin
precesses with a frequency which is proportional to the local field. The amplitude of the precession is
proportional to the magnetic volume fraction of the corresponding phase in the sample. In Fig.5.11
ZF-µSR spectra for temperatures close to TN1 are shown. Above the transition (280K) a fast and below
the transition (271K) a slow muon spin precession is observed. These signals are characteristic for the
FM and AFM1 phase, respectively (a detailed analysis of the µSR spectra will be given elsewhere [79]).
The AFM1 phase volume which corresponds to the amplitude of the slow precession is displayed in the
lower part of Fig.5.12. It gradually decreases with a simultaneous increase of the FM phase volume.
In a narrow temperature range both phases coexist in our samples, a behavior which is expected for
a first order phase transition. For the 18O substituted sample a small but clear shift of ∆TN1= 1.5K
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compared to the 16O sample is observed.
Figure 5.12: Magnetization as a function of temperature (upper graph) and the AFM1 volume fraction,
i.e. the normalized low frequency precession amplitude, (lower graph) for the two oxygen isotope
exchanged samples of HoBaCo2O5.47 around the AFM1-FM phase transition.
In contrast, the both phase transitions at which a strong change of the order parameter itself, i.e.
the value of the ordered moments, as observed by the ZF-µSR frequency, is essentially not modified
by the oxygen isotope substitution. The AFM1-FM phase transition was also investigated by DC
magnetization after zero-field cooling in a field of 100Oe (see upper panel of Fig.2). In the FM
phase a finite magnetization develops with a rather small average moment per formula unit (0.12 µB
/F.U.) indicating a weak ferromagnetic or ferrimagnetic order. From magnetization measurements
approximately the same isotope effect on TN1 as from µSR has been extracted (∆TN1 = 1 ÷ 1.5K). In
contrast, only a very small effect (∆TC < 0.5K) is measurable on the FM-PM phase transition with
DC magnetization which is even not at all observable by ZF-µSR. Thus, the lattice apparently does
not strongly couple to this second order phase transition. On the other hand, the isotope effect on the
first order phase transition at TMI has recently been determined by DSC, AC-susceptibility and high
resolution neutron diffraction on the identical samples as used in the present study [61]. Here a shift
of ∆TMI = 1.9K has been observed which was accompanied by an abrupt shrinkage of the unit cell
volume.
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5.4 Magnetic properties of RBaCo2O5+δ
In Fig.5.13 we show the measurements performed on DyBaCo2O5.5 powder material prepared as shown
in section 3.1.1.
Figure 5.13: Magnetization and inverse of susceptibility as a function of temperature for DyBaCo2O5.5
showing the different magnetic phase transitions and a spin state transition at TMI .
Measurements of magnetism were carried out in the temperature range 2K-400K. In this temper-
ature region, measurements were taken by Zero Field Cooling (ZFC) technique-the sample is cooled
under a null field and measurements are taken while heating, under magnetic field. By analyzing the
DC-ZFC curve measured under a magnetic field of 100G, two major features could be seen. On cooling,
the curve reveal an increase of the magnetization around 278K followed by a sudden transition to the
antiferromagnetic phase observed at TN1= 225K. Additionally, a transition is observed at TN2=165K
similar with that observed in a case of TbBaCo2O5.53 by neutron diffraction measurements [21]. Inverse
susceptibility χ−1 as a function of temperature is given on the right scale of Fig.5.13. The decrease
in the inverse susceptibility around TMI= 315K corresponds to the metal-insulator transition where a
possible spin state transition takes place and where a strong endothermic peak in the DSC signal was
observed (as shown in Fig.5.1).
In Fig.5.14 temperature dependent DC magnetization measurements performed in ZFC at Hext
=100Oe are shown for RBaCo2O5+δ with δ ≈ 0.5. Please note that departure from ideal stoichiometry
δ=0.5 influences magnitude of the magnetization signal and to some extend also the peak position. At
temperatures lower than metal-insulator transition all the specimens enter the FM phase bellow TC
where a finite magnetization develops in a small temperature region. The second order transition at
TC is not associated with any peak in DSC while a small peak is observed at the first order transition
at TN1. At TN1 a second drastic change of the resistivity is observed, which is susceptible to external
60
Results bulk physical properties 5.4 Magnetic properties of RBaCo2O5+δ
Figure 5.14: DC-magnetization data obtained for different RBaCo2O5+δ (R= Y, Ho, Tb, Gd, Pr).
The lower panel shows the evolution of the two magnetic phase transitions Tc and TN1 with the ionic
radius of the rare-earth element.
magnetic fields leading to giant magneto resistive effects as shown in Section 5.4.1. The lower plot of
Fig.5.14 gives the TC and TN1 temperature transitions for compounds with different R with respect
to the ionic radius. There is a clear tendency of these transitions to shift to higher temperatures with
the increasing of the ionic radius.
5.4.1 Magnetic and electric transport properties of TbBaCo2O5.5
The success in growing high quality single crystals of layered cobaltites gave us the possibility to study
the anisotropy of the magnetic and transport properties of these materials. Magnetization and electric
transport measurements have been made for TbBaCo2O5.5 single crystal using a Quantum Design
MPMS system available at Institute for Metal Physics RAS, Ekaterinburg. The in-plane ρab and out-
of-plane ρc resistivity were measured using the standard four-probe method. The electrical contacts
to the crystal 1.6 x 1.5 x 0.65 mm3 in size were prepared by indium ultrasonic soldering. Fig.5.15
shows the results of the resistivity and magnetization measurements performed on TbBaCo2O5.5 single
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crystal.
As expected, both transport and magnetic properties show a strong anisotropic behavior. Upon
cooling, M(T) for H⊥c increases rapidly starting around 290K, reaches a maximum at ∼ 260K and
falls down abruptly, corresponding to a sequence of the PM-FM-AFM transitions. In a magnetic field
perpendicular to the ab-plane M(T) shows AFM behavior. A weak peak at temperatures 260<T<290K
is apparently due to a crystal misalignment. In the temperature dependencies of the in-plane and out-
of-plane resistivity four prominent discontinuities were detected (see Fig.5.15(b)).
Figure 5.15: (a) ZFC magnetization curves of the
TbBaCo2O5.5 single crystal measured in H =0.1T.
Inset shows dM/dT. (b) Temperature dependence
of zero field in-plane and out-of-plane resistivities.
The dρ/dT emphasizes the anomalies at the tran-
sition temperatures.
Thus, the magnetic and transport measure-
ments reveal five peculiarities, which apparently
correspond to the phase transitions: at about
TMI∼ 340K, TC∼ 290K, TN1∼ 260K, TN2∼ 165K
and TR∼ 50K. The last transition probably cor-
responds to the short range magnetic ordering of
the rare earth sublattice. Note that the PM-FM
transition, which is clearly observed in magnetiza-
tion measurements, does not exhibit itself in trans-
port studies. On the other hand, the transition to
the second AFM phase with spin state ordering-
(SSO) was not observed in the present single crys-
tal magnetization measurements in contrast to the
experiment on the TbBaCo2O5.5 powder sample
[77] where the ZFC magnetization curve exhibits
a peak at TN2. The evolution of the transition
temperatures with magnetic field obtained from
the resistivity and magnetization measurements
on the TbBaCo2O5.5 single crystal is shown in
Fig.5.16. Surprisingly, the application of a mag-
netic field does not modify significantly the phase
transition temperatures, except the Ne´el temper-
ature, TN1. An external magnetic field H⊥c low-
ers TN1 and, consequently, the temperature of the
resistivity jump. It leads to a negative MR ef-
fect in the vicinity of TN1, MR=[ρab(4 T)-ρab(0)
] x 100/ρab(0 T) ∼35% at H= 4T. Note, that at
H= 13.6T we observed two anomalies of the resis-
tivity associated with the appearance of the spon-
taneous magnetization. Therefore, two interpre-
tations of the high field diagram can be presented
currently (see Fig.5.16).
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Further magnetization measurements in high fields are required to clarify this question. It is well
known that Co3+ ions are diamagnetic in the low-spin (LS) state t62ge
0
g (S = 0), while they are PM in
the intermediate-spin t52ge
1
g (IS) and high-spin t
4
2ge
2
g (HS) states with the spin numbers S = 1 and 2,
respectively.
Figure 5.16: Magnetic field dependence of tran-
sition temperatures for TbBaCo2O5.5 crystal ob-
tained by transport and magnetization measure-
ments. The symbols TMI , TN1, TN2 and TR
are used for metal-insulator, Neel and rare-earth
cation ordering temperatures, respectively. Circles
and triangles are the data points obtained from ρab
in external magnetic field H‖c and H⊥c. Squares
are obtained from M(T) data (H⊥c). The solid
lines are guides to the eyes.
A change of the electronic state can be induced
by an external parameter. In particular, the appli-
cation of an external magnetic field stabilizes the
HS state of the octahedral Co3+, with a downward
shift of the LS←→HS transition temperature [80].
Several experimental results suggest that the TMI
transition in the RBaCo2O5.5 layered perovskites
is induced by the spin-state transition of the Co3+
ions. For instance, both Jahn-Teller distortions
[15] and remarkable structural changes [31], which
were found at TMI , speak in favor of a spin-state
transition scenario. However, the present result,
namely the indifference of TMI to the magnetic
field, points towards a weak change of the spin
state at the MI transition. Summarizing, FM
transition, which was clearly observed in magne-
tization measurements, does not exhibit itself in
transport studies. It was found that only the Ne´el
temperature TN1 can be sufficiently influenced by
the magnetic field.
5.4.2 Magnetic and electric trans-
port properties of Tb0.9Dy0.1BaCo2O5+δ
For resistivity and magnetization measurements
a crystal cleaved along the ab plane was used.
The dependence of the resistance versus temper-
ature at zero applied magnetic field for the oxi-
dized crystal shows an insulating behavior up to
320K (Fig. 5.17(a)). The resistance abruptly de-
creases at 340K, which is in agreement with the
previous studies and corresponds to the metal-
insulator transition. Recently published measure-
ments on the TbBaCo2O5.5 single crystal, grown
in our group, showed a strong anisotropic behavior for the in-plane ρab and out-of-plane ρc resistiv-
63
5.4 Magnetic properties of RBaCo2O5+δ Results bulk physical properties
ity [81]. The magnetization-temperature dependence, M(T) was measured under zero-field-cooled
(ZFC) conditions in the temperature range of 10-380K. The H= 1000Oe external field was applied
perpendicular to the ab plane (H ‖ c direction).
In ZFC the samples were cooled in the absence of magnetic field from room temperature to 10 K.
When 10 K were reached, the external magnetic field was applied and the magnetization data were
collected while warming up to 380K.
Figure 5.17: (a) Resistivity measurement to-
gether with DSC signal for single crystal of
Tb0.9Dy0.1BaCo2O5.50. The curve at the topmost
part of the plot represents the differential scanning
calorimetry signal taken from the ”as grown” oxy-
cies (ZFC) of DC-magnetization for the as grown
and oxidized crystal. The external magnetic field
is applied perpendicular to the ab plane. Dotted
lines indicate the Curie and the Ne´el temperature
of the oxidized crystal.
From Fig. 5.17(b) a clear difference between
the ”as grown” and the oxidized crystal can be
seen. The magnetization of the oxidized crys-
tal shows three different magnetic states at differ-
ent temperatures. At temperatures above TC=
284K the magnetization has a typical paramag-
netic Curie-Weiss behavior. Below 284K a spon-
taneous moment appears and the magnetization
increases rapidly. This behavior is characteristic
of the onset of ferromagnetism due to the Co sub-
lattice at a temperature of 284K with complete fer-
romagnetic order achieved around 260K. On fur-
ther cooling the crystal shows anti-ferromagnetic
behavior with an increasing of the magnetization
below T= 100K, due to the paramagnetic contri-
bution of Tb ions [55].
The magnetization measurements reveal three
different magnetic phases. Unless of a clear mag-
netic phase diagram a magnetic structure can not
be obtained from bulk measurements and further
investigations using neutron diffraction on single
crystal had to be performed (section 6.6.1).
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Chapter 6
µSR, neutron and synchrotron results
Apart from the previous chapters where the physical properties of layer cobaltites were studied using
macroscopic techniques, here results obtained using microscopic techniques are shown. Based on
their complementary character: µSR, neutron and synchrotron radiation studies can give information
concerning possible long and short-range ordering above and below TMI , as well as in the observed
different magnetic phases.
6.1 Muon spin relaxation (µSR) technique
One of the purposes of this work was to investigate and obtain deeper insight into the different magnetic
phases present in RBaCo2O5+δ. µSR is a well suitable technique to study magnetic properties of these
materials. It is based on the time evolution of the muon spin polarization P(t) and gives direct
information about the internal magnetic field at the muon site. The method is a very useful tool
for investigation of hyperfine fields, static and dynamic behavior of nuclear and electronic magnetic
moments and critical phenomena. Even very small static magnetic fields, on the order of 10−5 T can
be detected. The time window for fluctuating magnetic fields ranges from 10−3 to 10−11 seconds.
6.1.1 Characteristics of the muon
Muons are fundamental particles and belong to the family of charged leptons. They are unstable with
a lifetime of about 2.2 µs. Due to their high mass, compared with the mass of the electron at rest, mµ
=207me, muons are sometimes considered to be ”heavy electrons”. Muons have a spin 1/2 and can be
positively or negatively charged. In the studies of condensed matter it is of advantage to use positive
muons µ+ in order to avoid the ”trapping” of the muons by the atomic nuclei.
For the investigation of our materials the following µ+SR instruments were used: Dolly Spectrom-
eter and GPS Spectrometer at Swiss Muon Source, Paul Scherrer Institut (PSI). In the following, a
short description of the muon production at PSI is given. The µ+ are obtained from the decay of the
positive pions pi+. The pions are obtained at the collision of an accelerated proton beam (∼= 600 MeV)
with a carbon target. After 26 ns (pion life time), the pi+ decays in one µ+ in one neutrino.
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Figure 6.1: Production of the pion after the radiation of a carbon target with high energy protons (left
panel) and production of the muons at the pion decay (right panel). Taken from [82].
Due to the parity violation, the muons obtained from the pion decay are 100% polarized with their
spin antiparallel to their momentum. The muon production is schematically shown in Fig.6.1. Due
to their large magnetic moment,of about 8.89 µN , the muons are very sensitive to internal magnetic
fields which, if present, lead to a change of the muon spin polarization with time. Since the muon
carries a spin 1/2 it is not sensitive to electric quadrupole interactions and therefore, the muon is a
pure magnetic probe with a large gyromagnetic ratio γµ = 2pi·13.554·103/Oe/sec.
6.1.2 Time differential µ+SR technique
A typical setup for the zero field, ZF-µ+SR, measurements is sketched in Fig.6.2. When the µ+ coming
to the spectrometer is detected, a timer clock starts. Then, the 100% polarized muon comes to rest at
an interstitial and starts to precess around the internal magnetic field with a Larmor frequency: ω =
γµ·Bµ where Bµ is the magnitude of the magnetic field at the muon site.
After a short time the muon µ+ decays according to µ+ −→ e+ + νe + νµ, where the emitted
positron has a preferential momentum in the direction of the muon spin. The angular distribution of
this decay depends on the positron energy (E ∈ [0, E max]) where Emax= 12mµc2 ' 52.83 MeV represents
the rest energy of the muon. The angular distribution for the positrons emitted with maximal energy
is given by:
Ne+(Θ, Emax) ' 1 + a(Emax) cos(Θ), (6.1)
where Θ is the angle between the muon spin and the positron momentum. The a parameter depends
on the positron energy and is a= 1 for the maximal energy (as shown in Fig.6.3).
The integration of a over the whole positron energy spectrum gives a mean value of a = +1
3
.
Accordingly, the positrons are emitted preferentially along the direction of the muon spin at the
moment of its decay. At the time the emitted positron is detected, the clock stops and the event
is recorded in a histogram. To obtain a histogram usually more than one million events have to be
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Figure 6.2: Sketch of a time differential zero field µ+SR configuration. Taken from [82].
recorded. The histogram reflects the time dependent probability of a positron to be emitted in the
direction of the corresponding positron detector. In general, the time dependent number of decay
positrons can be described with
N(t) = N0e
−t/τµ(1 + A0
−→n · −→P (t)
P (0)
) +Nbg (6.2)
Here, N0 represents a normalization constant and Nbg represents the background contribution. The
muon decay accounts for the exponential factor of the radioactive muon decay. −→n specifies the direction
of the observation. The detector asymmetry A0 is experimentally determined and is usually between
0.25-0.30. The normalized spin polarization P(t) of the muon ensemble in the −→n direction is given
by the projection P(t) =
−→
P (t)−→n /P(0). The time-dependent decay asymmetry in one of the detectors
is given by A(t)= A0P(t). The time evolution of the muon polarization can be observed directly
by recording the decay positrons in different detectors placed around the sample. The asymmetry
depends on static and dynamic properties of the local fields at the muon site and therefore contains
all information about the magnetic interaction of the muon with the studied material. Typically, the
asymmetry is measured in three different configurations:
• without any applied external magnetic field: zero field ZF-µSR.
• the external applied magnetic field is parallel to the muon’s spin: longitudinal field LF-µSR.
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Figure 6.3: The angular distribution of the positron decay (a) for the case of maximum positron energy
when a=1 and (b) integrated over the all energies when a=1/3.
• the external applied magnetic field is perpendicular to the muon’s spin: transverse field TF-µSR.
More details about the different setup geometries will be given in the following subsections.
6.2 µSR studies of RBaCo2O5.5
6.2.1 ZF-µSR data
In the ZF-geometry the polarization P(t) evolves alone by the interaction of the µ+ spin with the
internal fields. In the ideal case when the µ+ spin precess around an homogeneous field, the polarization
along
−→
P (0) is given by:
P (t)
|−→P (0)| = cos
2θ + sin2θ cos(ωit) (6.3)
In the case when different fields are present at the muon sites, different precessing components may
be observed and in this case Eq.6.3 is written as:
P (t)
|−→P (0)| =
∑
iAi(cos
2θi + sin
2θi cos(ωit))
A0
(6.4)
with the normalization condition:
∑
i
Ai = A0 (6.5)
Layered cobaltites, RBaCo2O5+δ show a rich variety of magnetic properties where the cobalt spins
are coupled essentially anti-ferromagnetically with the Ne´el temperature in the range 220-280K de-
pending on R, whereas the spins of the rare earth ions remain unordered down to lower temperatures.
A tuning of the δ close to 0.5 makes the Co ions which are octahedrally and pyramidally surrounded
by oxygen ions to couple ferro(ferri)magnetic in a temperature range 235-290K depending on R.
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Figure 6.4: ZF spectra for R= Y, Ho, Dy, Tb, Gd and Pr taken at different temperatures which
correspond to three different ordered magnetic states: FM, AFM1 and AFM2, respectively.
Despite the large amount of work published, no clear picture of the magnetic ordering has been
obtained so far. With a combination of magnetization and muon spin rotation (µSR) on identical
samples we have performed a systematic study of the magnetic ordering below the metal-insulator
transition as a function of rare earth and oxygen concentration near to δ= 0.5 for six different samples
of RBaCo2O5+δ. By exchanging the rare earth ion the crystal field splitting of the Co ion, which
is essential for the observed magnetic order, can be systematically varied. In Fig.6.4 a number of
raw spectra are shown for different R= Y, Ho, Dy, Tb, Gd, Pr and δ close to 0.5. We found that
magnetic ordering occurs in RBaCo2O5+δ (with δ close to 0.5) which is indicated by well defined muon
spin precession frequencies. At 270K in the FM phase (see Fig.6.4) a superposition of fast and slow
frequencies is observed for compounds with smaller ionic radius, R= Y, Ho, Tb, Dy. The effect is
better visible for the case of DyBaCo2O5.5. In order to put in evidence the different magnetic phase
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transitions, representative spectra for the paramagnetic and the three different magnetic phases are
shown in Fig.6.5 for the YBaCo2O5.49 compound. Well defined muon spin precessions are observed
for temperatures below 287K suggesting static magnetic fields at the muon sites. The spectra exhibit
increasing complexity with decreasing temperature. In Fig.6.6 the Fourier amplitude is shown as a
function of temperature for all ZF-µSR measurements in the case of YBaCo2O5.49. Three different well
separated magnetic phases and more complex magnetic structures at low temperatures are observed.
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Figure 6.5: Representative ZF-µSR spectra for the different magnetic phases of YBaCo2O5.49 together
with the corresponding Fourier analysis.
The fast Fourier transforms (FFT) for these spectra (shown in the right panel of Fig.6.5) reveal
a more complicated magnetic structure lowering the temperature where more than one frequency are
present. In the PM region a slowly relaxing, non-oscillating µSR time spectrum is observed. Below TC
a well defined spontaneous µ+ spin precession develops indicative for the long-range magnetic order
in the FM state. Two different magnetic µSR signals are observed showing that two magnetically
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Figure 6.6: Color-coded Fourier amplitude as a function of temperature for YBaCo2O5.49. Together
with the Fourier analysis the frequencies obtained by time domain fits are displayed (white circles).
inequivalent interstitial lattice sites are occupied by the muons: one which is associated with the high
oscillation frequency ωHF and one with a low frequency ωLF which is too strongly damped for the Y and
Ho compounds, but measurable for Tb and Dy as shown in Fig.6.4. The amplitude of the oscillating
signal indicates that each of the two different sites is occupied by the µ+ with 50%. The non-relaxing
1/3 fraction of the total observable asymmetry proves the static ordering of 100% of the sample volume
[83]. Below TN1, the µSR spectra change drastically and several superimposed oscillation frequencies
are observed. Below TN2 the complexity of the µSR spectrum increases further indicating even more
magnetically inequivalent µ+ sites in the sample. In the magnetically ordered state, below Tc the
muon asymmetry signals were fitted with a superposition of several precession components. All the
data obtained for RBaCo2O5+δ (R= Tb, Dy, Ho, Y, Gd, Pr) were fitted in the time domain but Fourier
analysis was also involved in order to distinguish the presence of many precession frequencies. The
used fit function was:
A(t) =
∑
i
Ai cos(2piν t+ φ)e
λiT t +
1
3
Aoe
−λLt (6.6)
The ZF-µSR measurements proved at a microscopic level that the small to intermediate rare earth
ions (R =Y, Ho, Dy and Tb) show very similar spectra giving a clear trend in transition temperatures
with ionic radius and the large rare earth ions (R =Pr and Gd) seem to introduce a large amount of
magnetic disorder (probably related to oxygen disorder), which makes it impossible to investigate these
compounds in great detail. The ZF muon spin precession measurements on powders of RBaCo2O5.5
(R= Y, Dy, Tb, Ho) gave us a microscopic picture of magnetic phases in this family of compounds.
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We believe that the structure at high temperatures magnetic phase reflects the spin state ordering
which is a driving force of metal-insulator transition in the layered cobaltites compounds. More about
the SSO ordering scenario and ferrimagnetic phase at higher temperatures is given in section 6.4.
6.2.2 Low temperature magnetism in RBaCo2O5.5
At lowest temperatures the damping of the µSR signal strongly increases for RBaCo2O5.5 (R=Tb, Dy,
and Ho) making it finally impossible to study the Co spin structure at temperatures below 30K. This
effect is absent for the Y-compound. In Fig.6.7 the longitudinal relaxation rate, λL obtained from
equation (6.6), for RBaCo2O5.5 (R=Y, Tb and Dy) are shown as a function of temperature.
Figure 6.7: Longitudinal relaxation rate as a function of temperature for YBaCo2O5.49, TbBaCo2O5.5
and DyBaCo2O5.5.
The observed peak in the relaxation rate is a typical sign of slowing down of electronic moments
which cross the time window of the µSR technique. The absence of this peak in the Y-compound
proves that it is the rare earth (Dy) moment that slows down in this case. According to Redfield’s
theory, from the peak position and the internal fields observed in DyBaCo2O5.5 one can estimate the
below this temperature).
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fluctuation rate of the Dy moments to be approximately 50MHz at 15K (faster above and slower
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6.2.3 Longitudinal, LF-µSR measurements
In order to study the spin dynamics in magnetic materials, ZF or LF-µSR measurements can be
performed. Anyhow, in the ZF setup the muon spin polarization can be also affected due to the
static field distribution coming for example from nuclear magnetic moments which are usually static
from µSR point of view. In ZF-µSR measurements it may be difficult to distinguish the dynamic and
static features. The problem can be solved using a LF-µSR geometry where an external magnetic
field is applied parallel to the initial muon spin polarization. In this way, one can decouple the muon
spin from static magnetic fields and therefore the muon spin polarization in the longitudinal field
would reflect only the spin-lattice relaxation rate. Taking the advantage of LF-µSR we have studied
the magnetic dynamics of the YBaCo2O5.49 powder compound at different temperatures and different
external magnetic fields. The raw data are shown in Fig.6.8 for two different temperatures, at T
=292.5K and 305K, above Tc ≈ 287K. For the two different temperatures which are situated below
and above TMI ≈ 297K we applied different external magnetic fields from 10 up to 4900G. At T
=292.5K we have observed a large decoupling effect when the external field is increased to 20G. At
these low external fields the muon spin decouples from the static magnetic fields coming from nuclei.
When the external magnetic field is further increased, Hext ≥ 20G, no further decoupling is observed
and the relaxation rate is given only by the dynamic electronic contribution. The same effect was
observed at temperatures above TMI as shown in the right panel of Fig.6.8. Therefore, from LF-µSR
measurements we can conclude that the relaxation above as well as below the metal-insulator transition
is purely due to static nuclear and dynamic electronic moments i.e. YBaCo2O5.49 stays paramagnetic
down to TC .
Figure 6.8: Muon spin polarization asymmetries measured in YBaCo2O5.5 for different longitudinal
magnetic fields up to 4900 G at temperatures below (left panel) and above (right panel) metal-insulator
transition, TMI = 297K.
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6.2.4 YBaCo2O5.49 in transversal field, TF-µ
+SR
The transverse field measurements were performed with a small external magnetic field, Hext= 20G
applied perpendicular to the initial muon spin polarization the temperature region 290 ÷ 310K. Ap-
plying the external magnetic field, an addition to the internal magnetic fields occurs. As we observed
from LF measurements shown in subsection 6.2.3 the YBaCo2O5.49 is a paramagnet above 290K where
a small internal field is caused by nuclear magnetic moments. In this case the field distribution can
be approximated by a Gaussian which leads to a Gaussian depolarization function of form G(t)=
e
−σ2t2
2 . The depolarization due to nuclear moments is independent on temperature. Additionally, an
exponential relaxation due to dynamic electronic moments is observed as seen in subsection 6.2.3. To
fit the data, a product of the Gaussian damped oscillating function and an exponential relaxation, was
used for all the temperatures above T= 290K:
ATF = A · cos(ωt+ φ) · e− 12σ2t2 · e−λt (6.7)
In the fitting procedure σ was fixed to a value of 0.111 MHz obtained at high temperatures. The fit
results are shown in the lowest panel of Fig.6.9 where the transversal relaxation rate as a function of
temperature is given. In the motional narrowing limit the inverse of correlation time, 1/τc is much
higher than Larmor frequency and the relaxation rate is given by the product of internal field width
coming from electrons and correlation time:
λ = σ2el · τc (6.8)
Here, τc =1/ν where ν represents the magnetic moment fluctuation rate. In Fig.6.9 temperature
dependent resitivity, DSC, DC magnetization and the transverse field µSR relaxation rate, λ are
shown. The TMI at 297K is characterized by the strong change in resistivity together with a strong
endothermic peak in the DSC signal.
Longitudinal field µSR proved that YBaCo2O5.49 is in a paramagnetic state above as well as below
the TMI (as shown in section 6.2.3) and that the fluctuation rate ν of the magnetic moments is fast
compared to the Larmor precession frequency. The sudden change of λ at TMI is consistent with
a spin-state change of at least some of the Co ions in the structure thereby changing the observed
width of the field distribution σel. The following increase of λ reflects the gradual slowing-down of
the spin fluctuations towards TC . It should be noted that the observed fluctuation rates below TMI
are relatively slow for PM fluctuations, i.e. at most up to a few hundred MHz (otherwise they would
not be observable by µSR). Below TC = 287K, YBaCo2O5.49 enters the FM phase in which a finite
magnetization develops. Note, that this transition is not associated with a peak in the DSC which is
therefore of second order type.
6.3 Internal field orientation
The measurement described in this section were performed on the General Purpose Surface muons
(GPS) spectrometer at Paul Scherrer Institute, Switzerland. In this measurement a TbBaCo2O5.48
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Figure 6.9: Resistivity together with DSC measurement (upper panel) and magnetization together with
the TF-µSR relaxation rate (lower panel) of the YBaCo2O5.49 sample as a function of temperature.
single crystal grown by the TSFZ method was used. The spontaneous muon frequencies were measured
in the ZF-setup below the Curie temperature TC ≈ 280K as a function of the sample rotation angle θ at
four different temperatures. The sample was aligned in a such way that for θ = 0o the crystallographic
c-axis was parallel to the muon beam. A sketch of the coordinate system and an asymmetry calculation
for the single crystal rotation with internal field
−→
H i is shown in Fig.6.10.
In a classical calculation, the muon spin µ can be separated into two components, a longitudinal
and an oscillating component and can be written as:
−→µ = −→µ long +−→µ osc (6.9)
To obtain the asymmetry of precessing (Aosc) and non-precessing (Along) µSR signal in a local field−→
H i one has to project the muon spin −→µ first on the local field and then on the observation direction.
Mathematically, the two amplitudes can be written as:
Along = |−→µ long| · cos(θ + β) (6.10)
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Figure 6.10: Muon spin precession around the internal magnetic field, Hi.
Aosc = |−→µ osc| · sin(θ + β) (6.11)
If we consider that −→µ long and −→µ osc can be written as:
−→µ long = |−→µ | · cos(θ + β − α) (6.12)
−→µ osc = |−→µ | · sin(θ + β − α) (6.13)
then, the equations (6.14) and (6.15) can be re-written as:
Along = |−→µ | · cos(θ + β − α) · cos(θ + β) (6.14)
Aosc = |−→µ | · sin(θ + β − α) · sin(θ + β) (6.15)
The muon spin, −→µ in this measuring geometry was not really anti-parallel with its momentum due
to quadruple separators used in the beam line. The spin was tilted upwards by about α =10.6o. The
spectra recorded at 270K and two different θ angles are shown in Fig.6.11.
The spectrum at θ = 0o is characterized by a well visible high frequency of about 47 MHz and
a strong damping of the oscillations. The low frequency that was observed in the powder sample of
TbBaCo2O5.5 is not observable in the TbBaCo2O5.48 crystal due to a strong damping. This behavior
was also observed in powders with a small oxygen deficiency (Y5.49 and Ho5.48). Therefore, only the
high frequency was fitted in the time domain as a function of sample rotation angle, θ. The used fit
function was:
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Figure 6.11: Raw ZF-µSR data obtained at 270K for two different θ= 0o, 90o angles.
A(t)
A0
= Aosc cos(2piν t+ φ)e
λT t + Alonge
−λLt (6.16)
The fit result is shown in Fig.6.12 a) where the normalized oscillating amplitude of the high fre-
quency at 270K is given as a function of angle θ. The highest amplitude value is found to be around
0.5 which indicates that the high frequency site is occupied by 50 % of muons. The muons experience
a field which is in the c-direction. This is clear without doubts, since the amplitude goes to zero at θ
= 0o. In order to fit the amplitude oscillations the fit function 6.15was used. For the non-oscillating
amplitude shown in Fig.6.12b) the fit function 6.14 was used.
Figure 6.12: The figure a) shows the normalized amplitude of the high frequency at 270K. The line
is obtained from the fit function given in equation (6.15). b) shows the normalized non-oscillating
amplitude at 270K. The line is obtained from the fit function given in equation (6.14).
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The fits well describe the measured data and confirm that β= 2o± 1.4o which means that the field
at the muon site showing the oscillations is directed in the c-direction. It has to be noticed that at
the second muon site the internal field is tilted by a large angle away from the c-direction. If all
fields at the two different muon sites would lie in the c-direction, one should observe in Fig.6.12b) an
amplitude varying again from 0 to 1 to 0. This is not the case in our sample where a minimum of the
non-oscillating component is found at about 0.1, as seen in Fig.6.12 b).
6.4 Determination of magnetic structures using ZF-µSR
In this section we report magnetic structures of four powder samples of RBaCo2O5+δ with δ ≈ 0.5 and R
= Y, Tb, Dy, and Ho determined by means of µSR. Microscopically very similar magnetic structures are
obtained for the samples with different R. All magnetic phases exhibit anti-ferromagnetically coupled IS
in the planes of CoO5 pyramids, while in the plane consisting of CoO6 octahedra SSO is realized, which
is altered at the magnetic phase transitions. We show, that a homogenous FM phase with ferrimagnetic
SSO of IS and HS states develops through first order phase transitions into the phase separated AFM1
and AFM2 phases with different types of antiferromagnetic SSO at TN1 and TN2 respectively. The
details of this scenario as well the volume fraction of a given AFM/SSO phase depend on R , but the
same set of SSO AFM structures with combinations of HS/LS and IS/LS states is realized in samples
with different R. We show that the observed spin state ordered magnetic structures are consistent
with available magnetization, X-ray, NMR, and neutron data. We argue, that the SSO and the
phase separation play a similar role in layered cobaltites as intrinsic inhomogeneities like doping do in
cuprates and manganites and that the specific SSO is responsible for the unusual transport properties.
From our µSR data we observed that below TN2 the complexity of the µSR spectrum increases further
indicating even more magnetically inequivalent µ+ sites in the sample. All data have been fitted
directly in the time domain by a superposition of exponentially damped oscillations. The measured
frequencies are displayed in Fig. 6.13 for all samples as a function of normalized temperature T/TC.
For clarity, the frequencies for the different magnetic phases (FM, AFM1, and AFM2) have been drawn
in separate diagrams. The magnetic transition temperatures obtained from the µSR measurements
are listed in Tab. 6.1. Qualitatively and quantitatively all samples show similar frequencies indicating
Y3+ Tb3+ Dy3+ Ho3+
δ 0.49(1) 0.50(1) 0.50(1) 0.47(1)
TC (K) 287(1) 281(1) 285.5(1) 283(0.5)
TN1 (K) 267(3) 262(3) 245(10) 273.5(0.5)
TN2 (K) 200(5) 165(5) 155(5) 235(5)
Table 6.1: Magnetic transition temperatures obtained by ZF-µSR for RBaCo2O5+δ with R = Y, Tb,
Dy, and Ho.
microscopically very similar magnetic structures, see Fig. 6.13.
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Figure 6.13: Muon spin precession frequencies as a function of normalized temperature T/TC for
RBaCo2O5+δ with R = Y, Tb, Dy, and Ho with δ ≈ 0.5. The solid lines present the fit/calculation for
Y with ω(T ) = ω(0)(1− (T/γTC)α)β for respective magnetic structures, see text. Pairs of lines which
fit with the same power law and belong to the same structure are drawn in the same color. Magnetic
reflections above magnetic structures are given for the unit cell ap × 2ap × 2ap. For the FM phase the
expected frequencies for various magnetic structures [21, 25, 36, 84] have been calculated, see text.
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To evaluate quantitatively the consistency of the observed µ+SR frequencies with a specific mag-
netic structure model, the µ+ position in the lattice has to be known. Therefore electronic potential
calculations have been performed using a modified Thomas - Fermi approach [85] and own structural
data. This procedure has been verified on similar oxide crystal structures where experimentally deter-
mined µ+ sites are available [86] and was found to be in good agreement with the published results.
In RBaCo2O5.5 two µ
+ sites are obtained from the calculations which are located at N1=(0 0.36 0)
and N2=(0.31 0 0) positions in the Pmmm crystal structure, i.e. about 1 A˚ away from apical oxygens
in the BaO-plane as shown in Fig.6.14. These are typical sites, which have also been found e.g. in
high-TC cuprate superconductors [87].
Figure 6.14: The two inequivalent muon sites in the apx2apx2ap structure.
For a given magnetic structure that should be tested for consistency with the µSR data, the
local magnetic dipole fields at the two µ+ sites can be calculated, by summing up all the magnetic
sublattice moments mi in the structure. Since there are two µ
+ sites in the lattice, two different µSR
frequencies are calculated for a homogenous phase. These two frequencies show a typical ratio which
is characteristic for the structure due to the symmetries of their corresponding µ+ sites. Additionally,
they have to display the same temperature dependence if the same temperature dependence for all mi
in the structure is assumed. Finally, the magnetic model has to reproduce the magnetic Bragg peaks
that have been detected in neutron diffraction studies [88, 89, 90, 91, 92], which strongly reduces the
number of structures to be tested.
The magnetic structure which is able to consistently describe the observed µSR frequencies in FM
phase is a checkerboard-like HS/IS AFM SSO on the octahedral sites with IS AFM order on the pyra-
mids and all moments pointing along the crystallographic a-axis, see the F1 structure in Fig. 6.13. The
temperature dependence of the two frequencies observed in the FM phase can be perfectly described by
the same power law ωHF/LF (0)(1− T/Tc)β with ωHF (0)=127.7 MHz, ωLF (0)=6.9 MHz and β = 0.29.
80
µSR, neutron and synchrotron results 6.4 Determination of magnetic structures using ZF-µSR
This is reproduced by the dipole field calculation by using the zero temperature valuesMoct0 as listed in
Tab. 6.2 for the magnetic moments of Co in the two octahedral sites andMpyr0 = 2µB on the pyramidal
site. The calculation is shown as a solid black line in Fig. 6.13. The exponent β = 0.29 points to a
3D-Ising character of the interactions consistent with the observed Ising-like anisotropy [27, 32, 93].
The ferrimagnetic model F1 is compatible with neutron scattering results [88, 89, 91, 92, 94] since it
conforms to most intensive (1/2,1,1) magnetic reflex. The structural doubling along the a-axis and
the onset of Pmma symmetry below TMI as observed in Gd [56] by X-ray and in Dy [92] by neutron
diffraction studies is also naturally obtained by this magnetic structure, since the alternating IS and
HS Co3+ with different ionic radii modulate the structure accordingly.
Phase M0
oct/µB M0
oct/µB α β γ
F1 (1/2,1,1) 4.4 2.2 1 0.29 1
A1 (0,0,1/2) 1.7 0.3 2.2 0.26 0.97
A2 (1/2,0,1/2) 2 0 2.2 0.26 1.02
A3 (1/2,1,1/2) 2 0 2.2 0.29 1.05
A1 (1/2,1,1) 4.1 1.2 2.2 0.29 1.3
Table 6.2: The representative reflexes of the structures F1 and A1-A4 observed by neutron diffraction
[94, 92, 89, 90].
Several previously proposed models for FM phase have also been examined by calculating the
magnetic dipole fields at the two µ+ sites. We ensured that all models give the same net magnetization
(0.5 µB/F.U. for single crystal, i.e. approximately 0.25 µB/F.U. for powders at T = 0.94TC, by scaling
the local moments for the magnetic models [84, 89, 91, 93, 95]. None of the published models is close
to the observed µSR frequencies, see Fig. 6.13. In particular, none exhibits the correct ratio of the two
fields at the two µ+ sites, which is independent on the scaling of the models.
In the AFM phases more than two µSR frequencies are observed. Anyhow, the frequencies always
appear in pairs of HF and LF lines whose temperature dependence can be fitted with the same power
law, while the other pairs follow different laws. Each pair of fitted lines is shown with a unique color
in Fig. 6.13 (only the fit for the Y compound is shown). Therefore, we conclude that every pair of
µSR signals belongs to a separate magnetic phase with a different temperature dependence of its order
parameter and different extrapolated Ne´el temperatures (T ∗N=γTC). A clear µSR precession with a
small spread of dipole fields is obtained only if the volume of a homogenous phase extends over at
least tens to hundreds of unit cells. Thus, we conclude that the first order FM-AFM1 phase transition
in layered cobaltites occurs with a phase separation, i.e. with simultaneous appearance of phases with
different magnetic structures and different types of SSO.
Depending on R, we deduce two types of SSO (A1 and A2) in the AFM1 phase and up to four
different types of SSO (A1-A4) in the AFM2 phase. The magnetic structures for all phases of the Y
compound are shown in Fig. 6.13. Their sublattice magnetic moments as well as their representative
magnetic reflexes are listed in Table 6.2. A common feature of all structures is the AFM coupling of
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IS states on pyramidal sites along the c-direction. The enormous stability of pyramidal IS states in
RBaCo2O5.5 has recently been revealed by ab-initio calculations [96]. Note that the structures A1-A3
present just a different topology of the IS/LS pair distribution on neighboring octahedral sites which
have very similar self-energy. Probably, this is the reason of the phase separation at the FM-AFM1
phase transition. The representative reflexes of the structures F1 and A1-A4 are given in Tab. 6.2 all
of which have been observed by neutron diffraction [89, 90, 92, 94] in the corresponding phases, but
were not or differently assigned. Only the phase A3 has also been deduced from one neutron study
[88]. Phase separation can best be seen by a volume sensitive local probe like µSR or NMR. The
observed low temperature AFM/SSO phase separation with IS states on pyramids and with IS and
LS (A1-A3) and HS (A4) states on octahedra is consistent with the low temperature NMR study of
the Y compound [35], where four different types of Co species have been detected.
Now, we discuss some consequences of the observed magnetic structures. Antiferromagnetic cou-
pling in pyramids along c-axis is the main motive of all structures (F1 and A1-A4). This is in accor-
dance with Goodenough-Kanamori-Anderson (GKA) rules for IS (t52ge
1
g) states on pyramids with the
eg-electrons occupying either the 3z
2 − r2 or the x2 − y2 orbitals. Furthermore, one can show that
all magnetic bonds in the A1-A4 structures fulfill GKA rules (assuming a certain occupancy of the
orbitals). On the other hand GKA rules can not be fulfilled for the F1 HS/IS SSO structure realized in
the FM state, where one of the pyramid-octahedra magnetic bonds remains frustrated (i.e. ferromag-
netic) in the G-type AFM order. This FM-AFM competition might explain the narrow temperature
range in which FM order is observed. Finally, the observed magnetic structures are able to explain
qualitatively the transport properties of RBaCo2O5.5 in a localized picture of charge carriers motion
[97]. The A1 phase consists of ferromagnetic ab-planes of Co3+ in IS states along which ”electron”
(HS Co2+ species, t52ge
2
g) hopping is allowed [17, 97], while it is impossible along c-axis for all A1-A4
phase since it does not conserve the total spin. Less pronounced ”hole” (LS Co4+ species, t52g) hop-
ping is allowed through the channels of LS states along a-axis in the A1 and A2 phases and along
c-axis in the A3 phase. This explains the one order different resistivities along c- and a-axis in the
detwinned single crystal of Eu compound [98]. Also the observed strong anisotropy of the MR [27]
can be understood on the basis of the deduced magnetic structures. Due to the Ising like anisotropy a
magnetic field along the a-axis may switch the weakly AFM coupled neighboring FM planes in the A1
phase to the FM alignment (as in usual metamagnetic antiferromagnets) making ”electron” transport
along c possible. As a result, a very large MR for fields along a is observed. Furthermore, taking into
account that hopping process for both kind of charge carriers is strictly prohibited in the F1 phase,
even under canting of magnetic structure by a magnetic field, one can explain the unusual onset of the
MR phenomenon below TN1.
In conclusion, we present the first local probe (µSR) investigation on the magnetic structures of the
RBaCo2O5+δ system with δ ≈ 0.5. SSO is established in all magnetic phases. Phase separation into
well separated regions with different SSO is observed in the AFM phases. The deduced SSO magnetic
structures explain the unusual strongly anisotropic magneto-resistance and its onset at the FM-AFM
phase boundary.
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6.5 Magnetic Dynamics in LaBaCo2O6−δ
Complementary, to the RBaCo2O5.5 compounds discussed above, we also investigated powder samples
of LaBaCo2O5.88 and LaBaCo2O5.97. Compared to the undoped RBaCo2O5.5 compounds, these samples
are hole-doped and possess a random distribution of the La and Ba cations on the R site. The increased
oxygen content introduces a corresponding amount of Co4+ into the undoped system consisting of
purely Co3+ only. In the end compound RBaCo2O6 a 1:1 mixture of Co
3+ and Co4+ is obtained. The
physical properties are strongly influenced by this doping due to competing magnetic interactions. A
predominantly ferromagnetic (FM) order due to the double exchange interactions between Co3+-Co4+
compete with the anti-ferromagnetic (AFM) exchange through the superexchange mechanism.
It is now generally accepted that materials with competing exchange interactions in the low tem-
perature regions may become spin-glass systems. The presence, for example, of competing FM and
AFM interactions leads to a loss of collinearity in the ordered state and formation of the spin-glass
[99]. Also, a mixed state formation between the randomly frozen spin glass and the collinear FM can
be achieved. The nature of the spin-glass achievement is a matter of question whether is achieved
through an equilibrium phase transition or is a more gradual freezing process. For the study of spin
dynamics, µ+ SR technique has been observed to be a powerful probe among other complementary ex-
perimental methods. The possibility of zero-field measurements makes the technique well suitable for
spin-glass systems for which a very small applied external field can change the internal configuration
of the system.
For the parent compound LaCoO3 the ground state is a nonmagnetic Co
3+(S =0, t62ge
0
g) but for
which a spin state transition takes place with the increasing of temperature. The mechanism of the
transition is still under debate and different scenario were proposed. Some authors claim a change
from low spin to intermediate spin (S =1, t52ge
1
g) while other authors suggest the formation of a high
spin state configuration (S =2, t42ge
2
g) [19, 100, 101, 102]. The different spin state configurations has
been attributed to the competition between the crystal field splitting (10 Dq) of the 3d states and the
Hund’s exchange interaction (JH) that lowers the energy of each pair of electrons with parallel spin.
The trivalent Co ion is in the low spin configuration due to the fact that 10 Dq is slightly larger than
JH at low temperatures. The ground state nonmagnetic Co ions can be thermally excited from LS
configuration to IS state either to the HS configuration by increasing the population at the superior
levels. Substitution of La3+ by M2+ (M= Ba, Sr, Ca) in LaCoO3 brings remarkable changes in the
physical properties. The substitution of e.q. Ba2+ for La3+ introduces a random distribution of the
La and Ba cations on the R site and a certain amount of Co4+ in the cubic Pm3m structure. The
physical properties are strongly influenced by this doping due to the competing interactions which can
take place. This may lead to the coexistence of FM and AFM glassy behavior as observed e.g. in
La1−xSrxCoO3 for a doping level (x =0.5). This prototype system shows a spin-glass or a cluster-glass
like magnetic behavior attributed to the formation of inhomogeneous magnetic clusters [103]. Recently,
the Ba-doped cobaltites have being the subject of an increased number of studies. The much less
studied compound is the La0.5Ba0.5CoO3 where the charge ordering effect was not observed like in all
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other R 6=La doped compounds with x =0.5 [8]. Anyhow, other interesting properties have been found
in La0.5Ba0.5CoO3. The compound has a ferromagnetic transition at Tc =180K and a mixed states
of low-spin and intermediate-spin states. Below around 140K the system transforms to a magnetic
glassy behavior [43]. Fauth et al. proposed that the structural change from cubic to tetragonal one
at 140 K is due to the partial d3z2−r2 type orbital ordering. The idea is supported by the structural
refinement where an elongation of the CoO6 octahedra along the direction of the apical oxygen is
consistent with this type of orbital ordering [8]. The orbital ordering derives from the eg orbitals in
the intermediate state and consequently the competition between randomly distributed ferromagnetic-
antiferromagnetic interactions leads to a magnetic glassy state. Here, we present the local probe
µ+SR studies of LaBaCo2O5+δ for two samples with different oxygen content, δ =0.88 and 0.97. The
macroscopic characterization was made using dc and ac-susceptibility measurements. The magnetic
behavior was found to be close to that observed in spin-glass systems by lowering the temperature. A
dynamical process is involved between the ferromagnetic phase and a freezing temperature, Tf of the
spin components. Below the freezing temperature a large static internal magnetic field with a broad
distribution is observed.
LaBaCo2O6−δ samples were synthesized by a solid state reaction as described in section 3.1.1.
The obtained material was separated into two batches. One of the batch was additionally annealed in
oxygen flow for 20 hours. The oxygen content was determined with an accuracy of ±0.01 of the oxygen
index in the chemical formula by iodometric titration. Since the synthesis is not straightforward as
elevated temperature and high oxygen pressures are required to obtain a layered perovskite structure
[43], a slightly oxygen-deficiency remained without the high-pressure oxygen annealing. We found for
the as-prepared sample an oxygen content of δ =0.88 whereas for the oxidized sample δ =0.97. From
the analysis of our X-ray data using the Rietveld profile refinements a cubic structure with a space
group Pm3m was found at room temperature for both sample batches. The cubic symmetry implies
a complete disordering of the lanthanum and barium ions on the same site of the perovskite. The
bulk magnetic properties have been studied using a PPMS in a temperature range T = 10-250 K. The
ac-susceptibility measurements were carried out in the applied magnetic field of 0.1 T for frequencies
of 10, 100, 1000 and 10000 Hz. The µ+SR technique was used as a locale probe which is well settled
to study inhomogeneous sample as a volume sensitive local probe. In this sense, the piM3 continuous
beamline at the PSI facility was used. The polycrystalline samples were packed into a silver foil and
mounted on a fork holder in a helium flow cryostat in order to ensure no signal from the holder.
Fig.6.15(a) shows dc-magnetization measurements performed with an applied external field of
0.1 T after zero field cooling (ZFC) and field cooling (FC) in the temperature range 10-250K for
LaBaCo2O5.97. For temperatures higher than 180K the sample is paramagnetic. In fact at TC =
180K a ferromagnetic transition is observed with a sudden increase of the magnetization. Lowering
the temperature the magnetization exhibits an irreversible magnetic behavior between ZFC and FC
magnetization curves below 140K. The saturation moment is close to 2 µB/F.U. indicating a mixture
of spin states which are most probably IS/LS of both Co3+ and Co4+ ions [8, 43]. The ac-susceptibility
measurements as a function of temperature are shown in Fig. 1(b) and 1(c) for the in-phase χ′ and
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Figure 6.15: dc and ac-susceptibility measurements performed for LaBaCo2O5.97. (a) The temperature
dependence of ZFC and FC magnetization measurements performed in 0.1T external magnetic field.
(b) Temperature dependence of the in-phase χ
′
measured with ac-field of 10 Oe for different frequencies.
(c) The corresponding out of phase χ
′′
. The arrows show the shift of susceptibility with the increasing
of frequency.
out of phase χ
′′
component of the susceptibility, respectively. The magnetic susceptibility shows a
sharp increase close to the FM transition. At lower temperature, slightly below Tc the susceptibility
measurements show a peak followed by slow decrease with decreasing temperature. The observed
peak as well as the low temperature tail of χ
′
shift to higher temperatures with increasing measuring
frequency. The shift to the higher temperatures with the increasing of the frequency is better observed
in the χ
′′
in the Fig. 2(c). The magnetic behavior of LaBaCo2O5.97, i.e. the dc-magnetization below
140K, the frequency dependent cusp in the ac-susceptibility and the small hysteresis, are consistent
with a spin glass and cluster glass like freezing of the magnetic moments. The actual temperature
where ZFC and FC magnetization deviate from each other depends on the externally applied field also
in accordance with spin glass like systems.
In order to get a better understanding of the magnetic order and to probe the spin dynamics in
LaBaCo2O5+δ, ZF-µ
+SR was used. The technique can give a direct measure of the internal fields in
bulk samples. The sensitivity of the technique to fluctuations of the internal field gives important
85
6.5 Magnetic Dynamics in LaBaCo2O6−δ µSR, neutron and synchrotron results
information about the dynamics of the magnetic moments in the sample. The ZF-µ+SR spectra were
collected over the temperature range 5 - 250K. The ZF-µSR spectra are weakly damped with an
increasing relaxation when TC is approached from above.
Figure 6.16: (a) The stretched exponential exponent β as a function of temperature for T > Tc. (b)
The temperature dependence of the dynamic relaxation rate as defined by the equation 6.17. Lines
are guide to the eye, only. The inset shows ZF-µSR raw data for T = 210, 185, and 180K.
To analyze our experimental data, a stretched exponential form was used at all temperatures above
Tc:
P (t) = e−(λt)
β
(6.17)
Here, λ represents the relaxation rate and β the exponent. The spin relaxation in all this temperature
range is attributed static nuclear moments and rapidly fluctuating cobalt moments in the paramagnetic
phase. This stretched exponential function, Eq. 6.17, has been found to be appropriate in cases where a
complex non-exponential fluctuation pattern is expected, e.g. due to broad distribution of fluctuation
times.
The temperature dependence of λ(T ) is shown in Fig.6.16 (a). As the temperature approaches
the magnetic phase transition from above the magnetic fluctuations slow down and lead to the sharp
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increase of λ(T ) at TC = 160K for LaBaCo2O5.88 and 180K for LaBaCo2O5.97, respectively. The
sharpness of the observed peaks at Tc is typical for a magnetic phase transition. The temperature
dependence of the stretched exponential exponent β above TC has been depicted in Fig.6.16 (b) for
both samples with δ= 0.88 and δ= 0.97, respectively. In magnetically homogenous systems β is equal
to unity whereas in inhomogeneous systems with spin frustration β becomes smaller than unity [104].
The stretched exponential exponent β reaches a value of about 1
3
at TC for both samples which is
typical for inhomogeneous systems like spin or cluster glasses.
Below TC the ZF-µSR spectra change completely. In Fig. 6.17 (a) a spectrum at 170K (below
TC = 180K) is compared to a spectrum at 190K for LaBaCo2O5.97.
Figure 6.17: The zero-field muon spin relaxation spectra at various temperatures for LaBaCo2O5.97. a)
The early time spectra at 170K, indicates that the muon depolarization is mostly due to static fields.
b) The damping of the 1/3-tail of the late time spectra reveals the presence of magnetic fluctuations
in 70% of the sample volume well below TC = 180K.
A strong depolarization of 2/3 of P (t) is observed at early times, indicating a wide distribution
of internal magnetic fields at the muon site, consistent with a magnetically inhomogeneous system.
Please note that the early time relaxation is dominated by the presence of the static component of
the field distribution and that the depolarization of 2/3 of the µSR signal implies that 100% of the
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sample is magnetic below TC. If the field distribution at the muon site would be purely static within
the time window of µSR the fast relaxation of 2/3 of the spectrum would be followed at late times
by a totally undamped tail with P (t >> 0) = 1/3. This tail reflects, in a powder average, the static
field components which are longitudinal to the initial muon spin which do not depolarize P (t). This
behavior is not observed in the present samples of LaBaCo2O5.97 and LaBaCo2O5.88. The late time
spectra of LaBaCo2O5.97 for different temperatures below TC are shown in Fig.6.17(b). Clearly, a
relaxation of the 1/3-tail of the spectrum is observed for temperatures well below TC. This relaxation
is purely due to fluctuating electronic moments, i.e. it is of dynamic origin, see e.g. [105]. The
strongest dynamic relaxation is observed at T = 125K, i.e 55K below TC. Since P (t) approaches 0.1
at late times it is evident that only 70% of the muons experience this dynamic relaxation. In other
words, a phase separation into a purely static magnetic phase (30%) and into a fraction of the sample
experiencing slow magnetic fluctuations (70%) is observed below TC. Below 125K the dynamical
relaxation decreases and becomes insignificant at very low temperatures where the sample becomes
fully static at a temperature of 5K.
Based on the qualitative results discussed above a fit function given by the sum of a static and a
dynamic depolarization function was used for the spectra below TC:
P (t) = 0.3Pstatic + 0.7Pdynamic (6.18)
The two functions used are:
Pstatic =
2
3
cos(2pift)e−
1
2
(∆t)2 +
1
3
(6.19)
Pdynamic = [
2
3
cos(2pift)e−
1
2
(∆t)2 +
1
3
]e−λt (6.20)
Here, ∆ measures the width of the static field distribution, while the muon precession frequency f is
the mean value of this distribution. λ is the dynamic relaxation rate. The µSR signal Pdynamic which is
connected to the magnetic phase were static order and and magnetic fluctuations are simultaneously
present is described by a product of a static and a dynamic relaxation function. This statement is valid
in the present case, where f À λ [106]. Static Lorentz and Gaussian Kubo-Toyabe functions have
been tested for the static relaxation function also, but only unsatisfactory results have been obtained.
Figures 6.18 (a) and (b) display the fit results of the static parameters of the field distribution
for LaBaCo2O5.88 and LaBaCo2O5.97 as a function of temperature, respectively. 4(T ) and the µSR
frequency f develop below TC in the ferromagnetic phase and continuously increase decreasing the
temperature. The dynamic relaxation rate λ(T ) for both compounds is shown in Fig. 6.18 (c). It
displays a maximum at Tf = 125K for both dopings. Roughly speaking, this behavior reflects the
slowing down of magnetic fluctuation with the fluctuation time τ crossing the time window of the µSR
technique. Below Tf the fluctuations freezes out gradually and finally λ approaches zero at very low
temperatures. A possible explanation for this behavior is a freezing of XY spin components which lead
to a spin glass like behavior. In other words, below Tf a re-entrant spin glass phase is entered. The
idea of a freezing of transverse spin components is supported by the fact that no anomaly is observed
in macroscopic measurements, see Fig. 6.15. The dynamic relaxation rate λ was evaluated using a
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Figure 6.18: Temperature dependence of the dynamical relaxation rate for the temperatures below Tc.
The inset of the plot shows the temperature dependence of the static relaxation rate 4(T)
modified Redfield theory [107]. According to Redfield theory the dynamic relaxation rate
λ = 2σ2
νc
ν2c + ω
2
µ
(6.21)
is given by the fluctuation rate νc = 1/τ , the muon spin Larmor precession frequency ωµ = 2pif , and σ
describing the static field distribution. This formula is valid for a isotropic field distribution in the fast
fluctuation regime (νc >> σ). Following the argumentation of Baabe et al. [108] the Redfied theory
modifies to
λ = 1.5σ2VV
νc
ν2c + ω
2
µ
(6.22)
when electronic spins are the reason for the field fluctuations at the muon site, which themselves
precess fast in a static magnetic field given by a magnetic environment. σVV is the static Van Vleck
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LaBaCo2O5.88 LaBaCo2O5.97
ν0 (MHz) 1952(234) 2241(526)
Ea (K) 336(14) 343(28)
Table 6.3: Obtained fit parameters using the modified Redfield theory.
linewidth. The solid lines in Fig. 6.18 c) are fits of the dynamic relaxation rate using the modified
Redfield theory Eq. 6.22. To evaluate the function λ(T ) the temperature dependence of ωµ(T ) and
σVV(T ) have to be known. From a fit of the measured µSR frequencies f(T ) to a simple mean field
approach, ωµ(T ) is obtained (see solid lines in Fig. 6.18 (a) and (b)):
ωµ(T ) = 2pif0(1− T/TC)0.5 (6.23)
The relation between σVV and ωµ has been determined by evaluating the measured dynamic relaxation
rate λ at its maximum value, where, according to Eq. 6.22, νc = ωµ and the following relation holds:
λmax =
3
4
σ2VV
ωµ
(6.24)
The fit to λ(T ) has been performed assuming that this relation holds at all temperatures, i.e. :
λmax =
3
4
σ2VV(T )
ωµ(T )
(6.25)
Having the other parameters determined independently, the only free parameter in the modified Red-
field formula Eq. 6.22 is the magnetic fluctuation rate νc. The data are well described by activated
behavior
νc = ν0 exp(−Ea/T ) (6.26)
with an attempt frequency ν0 and an activation energy Ea, the obtained fit results are summarized in
Tab. 6.3. The fit to the data is excellent over the full temperature range even though the described
formalism is strictly speaking only valid at high temperatures and slightly below the maximum of
λ(T ). At low temperatures the fluctuations are so slow, that the Redfield formula can not be applied
anymore.
For both compounds, an activation energy of Ea ≈ 330K is observed, which is a typical activation
energy for a Jahn-Teller like phonon. The present quantitative data are in good agreement with the
neutron data published by Fauth et al. [8] where a cooperative Jahn-Teller deformation develops
lowering the temperature below 140K where the metal-insulator transition takes place. Therefore we
propose that the freezing of XY spin components at Tf has its origin in the Jahn-Teller distortion
and/or orbital ordering. Due to the La/Ba-site random disorder, the CoO6 octahedra will be distorted
locally which additionally favors the localization of the conduction electrons and an insulator state at
lower temperatures. The charge carrier localization accompanying the Jahn-Teller distortions probably
shifts the balance of the competing double and super exchange towards the AFM superexchange and
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in turn the randomly distributed ferromagnetic - antiferromagnetic interactions lead to a magnetic
glassy state observed below Tf .
In conclusion, the first local probe investigation (µ+SR) was used in order to study the static
and dynamic spin properties of LaBaCo2O5+δ. The two investigated systems are paramagnetic at
high temperatures. Below TC an inhomogeneous ferromagnetic phase is observed. The samples are
electronically phase separated into phases possessing static magnetic order (30%) and a major sample
volume showing slow dynamics of electronic moments. A maxima in the dynamic relaxation rate at
Tf = 125K together with the absence of a change of the macroscopic magnetization indicates a freezing
of XY spin components at this temperature. Below Tf a magnetically glassy state, i.e. a re-entrant
spin glass phase is entered as evidenced by the difference of FC and ZFC magnetization curves. The
simultaneous occurrence of the spin freezing and the cooperative JT distortions suggests that the
magnetoelastic coupling is important to the understanding of the low-temperature spin dynamics of
LaBaCo2O5+δ and that is responsible for the observed spin freezing.
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6.6 Neutron diffraction measurements
Elastic neutron diffraction have been used in order to study magnetic and structural phases in layered
cobaltites. The neutrons are particles with mass of 1.6749 x 10−27 kg, slightly more than a proton and
have a spin S=1/2. The neutron has no net electric charge but a magnetic moment of about -1.9130 µN
where µN= 5.050 x 10
−27 J/T represents the nuclear magneton. Neutrons possess magnetic moments
giving rice to magnetic contribution to the scattering. A weak interaction between neutron (which is
a charge free) and nuclei alow studies of bulk materials and not only the surface as in the case of e.g.
X-ray diffraction. There are two contributions observed in the diffraction pattern:
1. magnetic neutron scattering given by the neutron interaction with the magnetic moment of an
atom
2. nuclear scattering given by the interaction between neutron and nucleus.
When the magnetic moments are randomly oriented, as it is the case of a paramagnetic material the
observed scattering contributes to the background scattering intensity. However, a coherent scattering
due to the interaction of neutrons with the electrons of the atom is observable in the magnetically
ordered state.
6.6.1 Measurements on Tb0.9Dy0.1BaCo2O5.5 single crystal
Here, neutron studies performed on single crystal of Tb0.9Dy0.9BaCo2O5.5 are presented. Magnetic
properties of single crystal of TbDy112 grown by TSFZ method have been investigated using DMC
spectrometer located at SINQ at PSI.
of 0.125o as well as the radial collimators of the detector. Pictures taken from the internal web site of
Paul Scherrer Institut [109].
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Figure 6.19: DMC powder diffractometer sketch. The sample table can be rotated with a step angle
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The quality of the crystal have been checked as described in section 3.2.3. The quality of the single
crystal was high enough and the volume sufficiently large to receive high quality reciprocal plane images
as shown in Fig.6.22. The measurements were performed in zero field for temperature range 380-4K
using a closed-cycle refrigerator. In this temperature region several fundamental reflections as well as
some super-reflections have been found. The measurements were performed at a powder diffractometer
(DMC) located at Swiss Neutron Spallation Source (SINQ). The spallation source can produce a
continous neutron beam with a flux of about 1000 n/s/cm2. A sketch of the beamline together with
the diffractometer is show in Fig.6.19. The DMC instrument uses a graphite monochromator giving a
neutron wavelength of 2.56 A˚ and has an angular resolution of about 0.2o. In these measurements a
fixed wavelength was selected with the monochromator and the intensities were recorded as a function
of scattering angle. Diffractograms of the aligned single crystal in the [1,0,0]-[0,1,0] scattering plane
were collected by a sample rotation around the vertical axis by ω= 0-180 degrees. These combined
data provide a complete visualization of the scattering intensities in the corresponding 2D-plane of the
reciprocal space.
2-Theta
(½0 0)
(2/3 0 0)
(1 0 ½)
Figure 6.20: Intensity versus 2Θ angle obtained at 100K for a certain ω rotation angle. The (1 0 1
2
)
reflection indicates a doubling of the magnetic structure along c-direction.
The use of the single crystal measurements on a powder diffractometer machine has the advantage
to obtain all the reflections, especially those reflections which possess very small intensity and which
for a powder material would not be distinguished from the background. An example of the raw
data obtained at a certain ω angle is shown in Fig.6.20. Adding all the reflections observed for all
ω angles a full image off all possible reflections in the ac or bc-plane could be observed as shown in
Fig.6.21. The collected data were analyzed using the TV-tueb software, tool developed for the flat-cone
diffractometer D2 at the HMI Berlin. The color code plot shows the background and the reflections
observed at 380K. The intensity of the peaks increase with the number of counts. As can be seen, the
technique is well-suited for the measurements and detection of satellites reflections at magnetic phase
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transitions. In the [010]x[001] ([100]x[001]) plane two crystallites rotated by 2 degrees were observed,
as shown in Fig.6.21 which allow a well resolved reflections and does not hamper data analysis. The
two pronounced vertical lines were present at all the temperatures and appears due to the aluminium
sample holder. The TV-tueb software gives the possibility to provide a complete visualization of the
scattering intensities in the corresponding 2D-plane of the reciprocal space. In Fig.6.22 (the a) and
b) plots) two representative Q-planes for the oriented (h0l) scattering plan are shown at two different
temperatures, 380K and 100K respectively.
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Figure 6.21: The angular scans taken for Tb0.9Dy0.1BaCo2O5.5 crystal at 380K. Two different crystal-
lites rotated by 2 degrees are observable.
The high quality and the size of the crystal gives a high signal to the noise ration and therefore a
sharp resolution of the nuclear and magnetic reflections.
As expected, the crystal showed a twinning of the a and b crystal axis, please note that b =
2a. Therefore, all the (0kl) and (h0l) points in the reciprocal space could be observed due to the
presence of a and a’ domains. In order to determine the twinning ratio, a measurement performed
on the [100]x[010] plane was performed at a temperature of 380K in the paramagnetic state. The Q-
space diagram is shown in Fig.6.22c. From this measurement a clear separation between the a and a’
contribution could be realized and all the observed reflections could be identified. From the integrated
intensity of the reflections we found a ratio of a:a’ = 44:56. Because of the twinning of the crystal the
values of the h direction are given also for the corresponding k
′
direction as shown in Fig.6.22.
Several superlattice reflections as well as fundamental reflections of the cell with the size of
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(130)
(130)
‘
Figure 6.22: a)-c) Q-space images of a Tb0.9Dy0.1BaCo2O5.5 single crystal at two different temperatures.
The indexing is given also for the twinned domain. d)-g) Temperature dependence of selected magnetic
reflections, showing peculiarities at the different phase transitions.
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apx2apx2ap have been found. A comparison between the Q-space obtained at 380K ( Fig.6.22a) in
the paramagnetic state and the one obtained at 100K ( Fig.6.22b) clearly demonstrates e.g. the ap-
pearing of additional (00n
2
) reflections (n an integer number) which suggest a doubling of the magnetic
structure along c direction. The most interesting peaks of the spectra obtained at different tem-
peratures were independently analyzed and fitted with a gaussian peak function. The temperature
dependence of the integrated intensities of the superlattice and typical fundamental reflections are
shown on the right side of Fig.6.22[d-g]. With decreasing of the temperature from 380K the intensities
of several nuclear Bragg reflections change at metal-insulator transition TMI∼ 340K. As an observa-
tion, the change of the (100)/[(020)] reflection is very small compared with the change of (1
2
00)/[(010)]
reflection at this temperature. Since we deal with a twinned crystal it is difficult to judge if the ad-
ditional component below TMI is of the magnetic origin or a superlattice reflections occurs. Anyhow,
our synchrotron radiation measurements presented in section 6.7.2 clearly demonstrates that a dou-
bling of the unit cell along a-direction is observed below TMI . There is no doubt about the magnetic
component which appears at TC∼280K where a net magnetic moment evolves, as shown in Fig.6.22d.
With a further decrease of the temperature the component disappears at TN1∼ 260K. This coincides
with the temperature at which a doubling of the magnetic unit cell along c-direction (∼ 4ap) was
observed through a set of magnetic reflections (00n
2
), as shown in Fig.6.22e. We also observed weak
(1
3
00)/[(02
3
0)] reflections which have a magnetic component below TN2 as shown in Fig.6.22g. The
reflections are present even at higher temperatures in the paramagnetic state which suggests a tripling
(∼ 3ap)/ or (∼ 6ap) of the crystallographic unit cell. The same behavior was observed in a single
crystal of TbBaCo2O5.5 measured by Soda et al.[84]. In their work, the super-reflection was attributed
to the oxygen deficiency in the crystal which would imply a coexistence of tetragonal clusters in a
crystallographic orthorhombic matrix. Additionally to the neutron diffraction measurements on the
powder diffractometer DMC, measurements were carried out on the single-crystal diffractometer TriCS
the Swiss Spallation Source SINQ at PSI/Villigen. Once the sample is aligned in the diffractometer the
scattering intensity at each point of the q-space can be measured with a point detector by adjusting
the angles on the goniometer. In this way, more than 150 reflexes were measure in the FM (T=270K)
and the PMI (T=300K) phases. The detailed analysis of these data is still underway, but it was found
that the strongest magnetic reflex is the (1/2 1 1) shown in Fig.6.23. This is in accordance with the
magnetic structure F1 determined by ZF-µSR for the FM phase, see Fig.6.13 in section 6.4.
In conclusion, all data obtained by neutron scattering are at least qualitatively consistent with the
obtained SSO magnetic structures determined by µSR, see section 6.4.
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Figure 6.23: The (1
2
11) reflections taken at two different temperatures T= 300K and 270K. This reflex
is the strongest magnetic reflex in the FM phase. The double peak is due to a second crystal grain
which is rotated by 2 with respect to the main grain.
6.7 Synchrotron radiation study
Development of new facilities based on synchrotron radiation has enabled the use of X-rays diffraction
for more advanced investigations of materials. Here, we can mention the observation of orbital ordering,
study of short range charge order and even magnetic properties studies, just to mention only few of
the advantages compared with the usual laboratory X-ray diffractometer.
The synchrotron radiation is, basically, an electromagnetic radiation produced by an acceleration of
the charged particles. The particles, usually electrons, moves at speeds very near to one of light speed
following a cuasi-circular trajectory in the horizontal plane due to the electrons interaction with the
magnetic field (Lorentz force) produced by magnets located in certain points of the ring. As a result
of the radial acceleration the electrons emit electromagnetic radiation tangentially to the trajectory.
The characteristics of produced X-rays are given by the so-called wigglers and undulators which forces
the electrons to follow a sinusoidal path within a magnetic field. The main advantages of the obtained
X-ray compared with the best conventional X-ray tube is: the high brightness, polarization of the
beam and a energy tunability in a large spectra range. Polarization is required to distinguish between
the different scattering processes coming e.g. from: charge, orbital and magnetic scattering. The
continuous tunability of the incident X-ray beam energy is required in order to obtain information
about the resonant species which often are very sharp in energy. Because the signals coming from the
charge, orbital ordering are very weak, a high flux is necessary.
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6.7.1 X-ray scattering
In a simple picture the X-ray scattering is an elastic scattering of the X-ray by the electrons of a target
material. In the presence of electromagnetic radiation the electrons are excited and come into an
oscillation process. As a result the oscillating electrons emits radiation with the same frequency as the
primary X-ray beam. The studies performed with high photon energy are preferable to investigate the
weak reflections produced by short range correlations in the transitional metal oxides. This because the
high energy X-rays are weak absorbed by the sample to be studied and as a result a higher scattering
volume gives a high scattered intensities. Another advantage is the possibility of study a larger fraction
from the reciprocal space, since the radius of the Ewald sphere is inversely proportional to the X-ray
wave length, lambda (r =2pi/λ). The short wavelength ensure a large wave vector resolution.
A high energy resonant scattering technique of X-ray with synchrotron radiation has been used to
study the metal-insulator transition in layered cobaltites. The used term for these kind of measure-
ments is resonant X-ray diffraction (RXD). At resonance the energy of the incident photon is equal
with the energy needed to excite an electron into another atomic level. The RXD technique is element
specific and only those elements characterized by an absorbtion edge are observable. In transition
metal oxides most of the interesting absorbtion edge takes place at the L-edge where a direct excita-
tion of the electrons from the core level to the 3d-shell can directly probe the charge, orbital and spin
degrees of freedom. But because of the low energy used, the long wavelength considerably restricts the
investigated reciprocal space to only very few super-lattice reflections. At Cobalt K-absorbtion edge,
as is in the case of RBaCo2O5+δ the resonance is given by the electrical dipole transition of 1s to an
unoccupied 4p level. Therefore, the K-edge measurements does not probe the direct information about
the d-shell in which the physics of the material develops. However, information about the possible
3d-shell ordering phenomena can be obtained due to the Coulomb interaction of the 2p-orbitals with
the ordered 3d-orbitals.
Figure 6.24: Optical beam line components of MAGS beamline at BESSY.
The RXD studies presented in this section have been realized in close collaboration with A.
Podlesnyak and R. Feyerherm from Hahn-Meitner Institut, Germany. The investigations were car-
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ried out at MAGS beamline -BESSY-Berlin. The flexible beamline allows to use several techniques
for which tuneable monochromatic X-rays in the energy region 3-40 keV are employed, for exam-
ple high-resolution diffraction experiments for structure investigations on single crystals, surfaces and
powder samples. In this way, energies around 7 keV could be reached, as needed for performing res-
onant experiments at the Co K-absorption edge. A sketch of the used optical beam line is given in
Fig.6.24. The experiments shown in this section were performed on TbBaCo2O5.5. Bulk samples of
TbBaCo2O5.5 shows on heating a first order phase transition at TMI ≈ 350K [13, 15]. Magnetization
measurements have shown that TbBaCo2O5.5 remains paramagnetic both below and above this phase
transition. The phase transition is accompanied by substantial structural distortions, which result in
significant changes in the structural parameters. Based on neutron diffraction measurements Morit-
omo et.al. [15] proposed an orbital ordering of type dx2/dy2 below the metal-insulator transition. On
the other hand the band structure calculations performed by Wu et. al. [110] predict a dxy/dxz-type
orbital ordering. Anyhow, the superstructure reflections manifesting ordering of different Co states are
hardly visible in powder diffraction data. Here, the apparition of superstructure reflections and their
temperature dependencies observed on a de-twinned single crystal of TbBaCo2O5.5 grown by TSFZ
method are shown. The studied crystal was oriented using a Laue camera and the obtained reflections
were interpreted using Orient Express program. Afterwards, the sample was glued on the goniometer
and aligned with (7/2 1 1)- direction parallel to the Ψ shown in Fig.6.25.
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Figure 6.25: A schematic view of the resonant X-ray scattering experiment. The σ-pi denotes the
polarization which is perpendicular and parallel to the scattering plane.
This alignment allowed us to investigate the azimuthal dependence for which the φ rotation corre-
sponds to the azimuthal angle. To check if the alignment was properly made the sample was rotated
about Ψ. We observed that (hkl) Bragg reflection intensity stayed almost constant as the sample was
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rotated around Ψ. A pronounced energy and polarization dependence of the resonant intensity provide
a fingerprint of the orbital ordered phase. Therefore the resonant X-ray scattering (RXS) investiga-
tion of a particular order phenomena in general requires the analysis of the energy and polarization
dependence of the resonant scattering.
Figure 6.26: The temperature dependence of the integrated intensity (7/2 1 1) (3/2 1 1) and reflections
performed at a Ψ angle= 0 for which no polarization analyzer was used.
The structural and orbital order in TbBaCo2O5.5 were investigated with resonant X-ray diffraction
at the K absorption edge of cobalt (Co), i.e. at X-ray energy of 7.12 keV. The obtained results are
important for two reasons: first they bring a direct information about the doubling of the crystallo-
graphic axis along a direction and the second is the observation of a possible orbital ordering below the
metal-insulator transition. For performing polarization analysis of the diffracted beam, an polarization
analyzer can be mounted between the last slit (slit C) and the detector. The chamber that houses
the analyzer has two openings at 90o from each other, through which the beam passes, before and
after the scattering by the analyzer. The whole chamber can be rotated around an axis parallel to the
beam incident on the analyzer. Depending on whether the detector is parallel or perpendicular to the
diffraction plane of the sample, only the polarization component of the beam which is perpendicular
(σ
′
) or parallel (pi
′
), respectively, to the diffraction plane is detected. The schematic principle of the
measurements is given in the Fig.6.25.
6.7.2 Direct evidence of superstructure in TbBaCo2O5.5
The variation of (n/2 1 1) with temperature is shown in Fig.6.26. The temperature dependence of
(non-res.) superstructure reflections (n/2, 1, 1) reveals transition at Tc = 358K. The peak intensities
follows a smooth decrease with increasing temperature up to the metal-insulator transition. Above the
transition temperature the peak intensity disappears and a transition from Pmma to Pmmm structure
is present.
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6.7.3 Resonant X-ray scattering at cobalt K-edge on TbBaCo2O5.5
The resonant X-ray scattering (RXS) measurements presented in this subsection were performed in
the paramagnetic insulator phase in order to bring new evidences on the microscopic properties in
this phase. Fig.6.27 a) shows the energy dependence of the superstructure reflection (7/2 1 1) at
Figure 6.27: a) Normalized intensity of the (7/2 1 1) reflection at T = 350K for the σ - pi
′
polarization,
for three different azimuthal angles. b) Azimuthal-angle dependence of the (7/2 1 1) reflection at T
= 350K for the σ - pi
′
polarization. c) The temperature dependence of the integrated intensity (7/2 1
1) reflection performed at a φ angle= 0 for which no polarization analyzer was used. d) Normalized
intensity of the (7/2 1 1) reflection at T = 350K for the σ - σ
′
polarization, for four different azimuthal
angles.
a temperature of 340K in the σ − pi′ channel. Energy dependence of the peak maximum (without
polarization analysis of the scattered beam) with incident σ−pi′ polarization of the (7/2 1 1) reflection
of TbBaCo2O5.5 in the vicinity of the Co K-edge taken at Ψ =0
o at different temperatures above and
bellow TMI transition is shown in Fig.6.27 b). As can be seen, the energy dependence shows a strong
increase of the intensity of the (7/2 1 1) reflection around the cobalt-K edge energy. A periodic signal
with clear lobes is observed in the σ − pi′ channel suggesting a possible orbital ordering. From the
azimuthal dependence one can observe a maximum of the intensity at Ψ =45o and a periodicity of the
signal at 90o.
101
6.7 Synchrotron radiation study µSR, neutron and synchrotron results
As seen in Fig.6.27 c) the Co K-absorption edge remains at the same energy with a change in the
temperature which means that the oxidation state does not change in the studied temperature range.
In the pre-edge region below the ionization potential, a shoulder is clearly visible for all the spectra.
This corresponds to a core electron transition into an unoccupied bound state above the Fermi level
[111]. Above the ionization potential, the spectra also show characteristic shape resonances, which are
based on multiple scattering events. Fig.6.27 d) shows the energy dependence of the (7/2 1 1) forbidden
reflection below TMI at 350K. A strong enhancement in the σ− σ′ channel of the forbidden reflection
was observed compared with an allowed reflection (e.g. (3 1 1) reflection, not shown). A similar
situation was observed by Staub et al.[112] in the case of nickelates where a charge disproportionation
at the Ni sites was invoked as the explanation of the metal-insulator transition. Even if the resonance
in σ−σ′ gives strong indication for the presence of a charge disproportionation, care must be taken not
to conclude that this is the only source of the resonant signal. However, from the qualitative results
showed here it is clear that (7/2 1 1) superstructure reflection is dominated by the cobalt contribution.
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Conclusion and Outlook
Strongly correlated electron system RBaCo2O5+δ was studied in this thesis. The layered cobalt per-
ovskites proved to be a very interesting class of materials due to their rich physical properties. A
summary of the main results, general conclusions and some directions for future research are given
here. The present thesis consist of two parts:
1. sample preparation, crystal growth and sample characterization.
2. search for the novel properties.
In this work polycrystalline samples of RBaCo2O5+δ where R = Y, Ho, Dy, Tb, Gd, Nd, Pr and
La were synthesized using the standard solid state reaction.
Single crystal samples were grown using Travelling Solvent Floating Zone method. A special
attention was payed to find conditions to grow large crystals suitable for µSR, neutron, synchrotron
techniques as well as for resistivity, magnetization, specific heat and thermopower measurements.
Crystals of: TbBaCo2O5+δ, Tb0.9Dy0.1BaCo2O5+δ and NdBaCo2O5+δ with dimensions of about
10mm length and 5 mm in diameter were grown. Crystal growth of RBaCo2O5+δ (R = Pr, Ho) gave
unfortunately unsatisfactorily results. The resulting materials consist of small domains and no single
phase could be obtained.
A point defect model for the RBaCo2O5+δ (R = Pr, La) was proposed. Thermogravimetric mea-
surements at oxygen partial pressure 10 −3 < pO2 < 0.5 bar allow to determine a dependence of oxygen
content on temperature at different oxygen partial pressures. A concentration distribution of the cobalt
sites in the structure in dependence on temperature and oxygen stoichiometry could be calculated.
The synthesized samples were studied by macroscopic methods such as DSC, magnetization, re-
sistivity, specific heat, thermopower and microscopic techniques- neutron and synchrotron diffraction,
µSR for detailed studies of local magnetic structure and spin state of cobalt cations.
Studies performed on TbBaCo2O5.5 single crystal showed a strong anisotropy behavior of transport
and magnetic properties. The effect of a magnetic field on the resistivity was also investigated. A
negative MR= 35% effect in the vicinity of TN1 was observed at an external field of 4T. Only the Ne´el
temperature was influenced by the magnetic field whereas the FM transition does not change in the
presence of magnetic field.
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Seebeck coefficient of TbBaCo2O5.5 single crystal was measured in the temperature interval 320-
930K. At room temperature the thermopower value of about -1.59 uV/K is characteristic for ordinary
metals. An increase of the hole concentration is observed above 450K. A maximum value of Seebeck
coefficient of about 11 µV/K is observed at the highest measured temperature. It is due to the higher
density and mobility of the holes in comparison with the electrons. A gradual increase of thermopower
gives a dependency of n and p-type carriers on temperature.
Four different transitions were detected in the temperature range 200-800K based on DSC mea-
surements for different R112 (R=Gd, Tb, Dy, Ho, Y) compounds. An increase of the R radius induces
a shift of the transitions towards higher temperatures.
Phase transitions at which a strong change of the electronic transport properties is observed, GMR
at TN1 and metal-insulator transition at TMI , exhibit a small but clear isotope shift. Furthermore,
the sign and the value of the isotope effect exponent α0 = -0.06(1) are the same for both transitions.
Since the lattice vibrations most effectively couple to the IS Jahn-Teller active Co3+ ion, one could
argue that in these transitions, Co3+ in the IS spin-state have to be involved. For HoBaCo2O5.47, µSR
studies revealed a small shift of 4TN1= 1.5K for 18O sample compared with 16O. No change in the
PM-FM temperature transition was observed for 18O substituted sample. Therefore, it seems, that
the lattice does not couple with this phase transition.
The ZF-µSR investigations of the magnetism of bulk and single crystal presented in this work have
been shown that this method can be successfully applied for determination of magnetic structures in
layered cobaltites. Muon spin precession measurements performed on R112 (R=Y, Dy, Tb, Ho) pow-
ders gave a microscopic picture of the magnetic phases. Very similar magnetic structures are present
for samples with different R. A homogeneous FM phase with ferrimagnetic spin state ordering of IS and
HS states develops through first order phase transitions. All the phases exhibit anti-ferromagnetically
coupled IS in pyramids environments, while in the octahedra environments SSO is realized which is
altered at the magnetic phase transitions. Phase separation into well separated regions with differ-
ent SSO is observed in the AFM phases. The deduced SSO magnetic structures are consistent with
the magnitude of the magnetoresistance, its unusual anisotropy and its onset at the FM-AFM phase
boundary.
At temperatures around 20 K a peak in relaxation rate for compounds with R= Dy,Tb was observed.
The absence of the peak in the case of R=Y, non-magnetic compound, has proved a slowing down of
rare earth magnetic moments.
ZF-µSR measurements performed on a TbBaCo2O5.48 crystal, discovered that the magnetic field
at the muon site is directed in the c-crystallographic direction.
The first local probe investigation µSR was used in order to study the static and dynamic spin
properties of LaBaCo2O5+δ for two compositions δ=0.88, 0.97. The two investigated systems are
paramagnetic at high temperatures. Below TC = 160 and 180 K, respectively, an inhomogeneous
ferromagnetic phase is observed. Below the freezing temperature, Tf=125K a magnetically glassy
state, i.e. a reentrant spin glass phase is entered. For both compounds, an activation energy of Ea ≈
330K is observed, which is a typical activation energy for a Jahn-Teller like phonon.
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Neutron diffraction measurements performed on Tb0.9Dy0.1BaCo2O5.5 crystal as well as synchrotron
radiation measurements performed on TbBaCo2O5.5 de-twinned single crystals are qualitatively in good
agreement with the SSO magnetic structures determined by µSR.
The availability of de-twinned single crystals will allow further investigations of layered cobaltites
using synchrotron radiation measurements in order to complete the work started for TbBaCo2O5.5 and
to establish the possible orbital ordering at metal-insulator transition.
For a good thermoelectric material the figure of merit should give a value of about 200 µV/K at
room temperature. Therefore, measurements of thermal conductivity for TbBaCo2O5.5 crystal would
be desired at high temperatures.
The possible interaction of the R magnetic moment with the cobalt magnetic moment which were
detected in our µSR measurements should be investigated in more detail.
µSR investigation of the LaBaCo2O5+δ for which a re-entrant spin glass behavior was observed are
planned for different δ values.
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